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J
oints in the human body are frequently
injured due to obesity, occupational
overuse, or aging. The joint injuries

tend to causemany symptoms such as pain,
swelling,muscleweakness, and numbness.1�5

The thermal therapy is one of the classic
physiotherapies used in orthopedics to
alleviate these symptoms. Its physiological
effects include thermal expansion of the
vascular systems (increased blood flow) and
their surrounding collagen tissues, thereby
relieving pain and reducing joint stiffness.6,7

There are several conventional heat therapy
methods, such as heat packs or wraps:8,9 the
heat packs are heavy and bulky, and another
downside is that it is difficult to control their
temperature; the heating wraps, whose tem-
peratures are controlled by the joule heating
of electrodes and resistors, are relatively thin
but, their wearability is still an issue mainly

caused by their mechanical rigidity and
weight. While continuous point-of-care ther-
mal treatments maximize the therapeutic
effects, the technical drawbacks of currently
available heat wraps and packs limit their
uses mostly in hospitals. Consequently, the
development of the stretchable and wear-
able heating devices in a portable form is
highly desired.
To date, there have been several reports

onmaterials and design of stretchable electro-
des that can be used as heating elements
based on the joule heating. Noteworthy exam-
ples include stretchable metal electrodes,10�12

ultralong percolated carbon nanotubes (CNTs)
embedded in elastomers,13,14 silver flakes
chemically bonded with CNTs in polymeric
media,15,16 electrospun rubber fibers with
percolation of silver nanoparticles,17 multi-
layers of gold nanosheet electrode on a
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ABSTRACT Thermal therapy is one of the most popular phy-

siotherapies and it is particularly useful for treating joint injuries.

Conventional devices adapted for thermal therapy including heat

packs and wraps have often caused discomfort to their wearers

because of their rigidity and heavy weight. In our study, we

developed a soft, thin, and stretchable heater by using a nanocom-

posite of silver nanowires and a thermoplastic elastomer. A ligand

exchange reaction enabled the formation of a highly conductive and

homogeneous nanocomposite. By patterning the nanocomposite

with serpentine-mesh structures, conformal lamination of devices on

curvilinear joints and effective heat transfer even during motion were achieved. The combination of homogeneous conductive elastomer, stretchable

design, and a custom-designed electronic band created a novel wearable system for long-term, continuous articular thermotherapy.
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rubber substrate,18 and gold-nanoparticle-based con-
ductive elastomer made through self-assembly.19

Although each of them has demonstrated some kind
of interesting feature, a cheap and simple conductive
elastomer that can be easily patterned and processed
is still required to be developed. Silver nanowires
(Ag NWs) have been recognized as a potential
candidate20�23 because they have higher conductivity
than CNTs, and are cheaper than gold. Their one-
dimensional wire structure is better to form electrical
percolation networks than particles or flakes, and can
maintain good conductivity under deformation, espe-
cially when stretched. However, an aqueous solution
of as-synthesized Ag NWs cannot be mixed homo-
geneously with many organic-phase elastomers. In the
previous applications, Ag NW networks were filtrated
and transferred20,24 or Ag NWs were dip-coated and
sprayed on substrate,25,26 in which the postdeposition
processing to define various patterns was difficult.
Here, we present a soft and stretchable heating

element that is lightweight and thin, and is conformally
integrated with the human joints and the skin for
effective heat transfer and thermotherapy. The heater
is composed of highly conductive Ag NW/elastomer
nanocomposite. The ligand exchange (LE) of Ag NWs
allows the nanowires to be homogeneously dispersed
in the elastomeric media. This excellent homogeneity
leads to mechanically and electrically uniform charac-
teristics and processability of the composite into var-
ious patterns,which enables reliable, large-area heating
over the entire joint surfaces. The heater is operated
by a custom-made electronic band equipped with a
battery, a microcontroller, and other circuits, allowing
users to remain mobile. The softness of the heater

provides maximum comfort, system robustness, and
effective thermo-therapies even under joint flexion or
muscle extension.

RESULTS AND DISCUSSION

For the synthesis of Ag NWs, a modified seed-
mediated polyol process is used.27,28 The as-synthesized
Ag NWs (Supporting Information Figure S1a) are initially
dispersed in a polar solvent because of the polyvinylpyr-
rolidone (PVP) ligands. The average diameter and length
are ∼150 nm and ∼30 μm, respectively (Supporting
Information Figure S1b). To achieve stable, uniform,
and rapid heating during repeated deformations,29,30

it is essential to use a homogeneous composite of
Ag NWs and elastomer. Most elastomers, however, are
only compatible with nonpolar solvents. Among various
elastomers, we focus on styrene�butadiene�styrene
(SBS) thermoplastic elastomer, which has high elasticity
because of its physically cross-linked structures.31 For
homogeneous dispersion of Ag NWs in the organic-
phase SBS solution, ligand exchange is necessary;
the LE process is schematically illustrated in Figure 1a.
The image on the right of Figure 1a shows Ag NWs in
toluene after LE, where the PVP ligands are partially
exchanged with hexylamine (HAm) using NOBF4.

32

The scanning electron microscope (SEM) image in
Figure 1b shows the LE Ag NWs in a magnified view.
Zeta-potential measurements show that the surface
charge of Ag NWs is positively shifted during the LE
reaction (Figure 1c). The presence of HAm is confirmed
by the increasing peak intensities of the N�H stretching
bond (3400�3250 cm�1) in the FTIR spectra (Figure 1d).
Figure 1e shows the thermogravimetric analysis (TGA)
results of Ag NWs under a nitrogen environment before

Figure 1. (a) Schematic illustration of the reaction process for ligand-exchanged silver nanowires (LE Ag NWs) and
photograph of LE Ag NWs in toluene. (b) SEM image of LE Ag NWs. (c) Zeta-potential measurements of Ag NWs before
andduring LEprocess. (d) FTIR spectra (top) before and (bottom) after ligandexchange (LE) of AgNWs. (e) TGAdata of AgNWs
(top) before and (bottom) after LE reaction.
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and after the LE reaction. PVP starts to decompose at
∼380 �C,33 while PVP coated on Ag NWs decomposes at
∼350 �C under N2 atmosphere (Figure 1e). After the LE,
theweight loss of ligands onAgNWs appear in 100�200
and 350 �C, which correspond to the decomposition of
HAm and PVP, respectively.34,35 The weight ratio of HAm
to PVP is 75:25.
The LE Ag NWs have higher conductivity than the

non-exchanged Ag NWs when they are dried at
room temperature (Figure 2a). The higher conductivity
of LE Ag NWs is due to the shorter chain length of
HAm ligands after LE and thereby lower contact resis-
tance between Ag NWs. This property also improves
the conductivity of Ag NWs embedded in SBS even
at low annealing temperature below the thermal-
degradation temperature. The advantage of a physi-
cally cross-linked elastomer like SBS over a chemically
cross-linked one like polydimethylsiloxane (PDMS) is
the high loading of LE AgNWs, which canmaximize the
conductivity of the nanocomposite (Figure 2b). For
example, PDMS could not be polymerized under
the maximum loading of Ag NWs permitted in SBS
(∼40 vol %). This high Ag NW loading maximizes the
conductivity of the composite. The conductivity of the
LE Ag NW/SBS nanocomposite begins to be saturated
at∼20 vol %, which we choose as an optimum volume
ratio of the constituents for the further processes
(Figure 2c). The contour maps in the top row of
Figure 2d compare the uniformity of the sheet resis-
tance distribution of non-exchanged Ag NW/SBS (left)
and LE Ag NW/SBS (right). LE Ag NW/SBS shows better
material properties, i.e., high uniformity and low
resistance. The cross-sectional and top-view SEM
images (bottom row of Figure 2d and Supporting
Information Figure S1c, respectively) confirm the
homogeneous dispersion of LE Ag NW/SBS. The top

SEM images correspond to the region of small dotted
boxes (i�iv) in contour maps.
To maximize the system-level softness and stretch-

ability, we adopt fully serpentine mesh design, which
allows conformal integration of the heater on movable
joints and provides more comfort and efficient heat
conduction.36 Figure 3a shows a schematic illustration
of the fabrication process using prefabricated PDMS
molds with serpentine designs (Supporting Informa-
tion Figure S2a).37 LE Ag NWs make a homogeneous
solution with SBS. It shows better wetting to the PDMS
mold than non-exchanged Ag NWs (Supporting Infor-
mation Figure S2b,c). The heating layer (LE Ag NW/SBS
nanocomposite) is sandwiched between the encapsula-
tion layers (i.e., SBS insulation layers), which have slightly
larger patterns than the heating layer to seal the edges.
The stacked layers are pressed at 100 �C, which welds
the layers to form the final serpentinemesh heater.38 To
prevent the thermal decomposition of SBS polymer, all
molding processes were conducted under 100 �C.39,40

A colorized cross-sectional SEM image shows the good
interfaces between the layers (Figure 3b). In terms of
the mesh design, the higher fill factor is beneficial for
more efficient heat transfer (Supporting Information
Figure S3),41 and it does not diminish the stretchability
in the biaxial directions (Figure 3c). The final serpen-
tine-mesh heater made from a nanocomposite with a
volume ratio of 18/82 (LE Ag NW/SBS) shows a low
resistance of ∼0.8Ω. Figure 3d shows the changes in
the temperature�time profiles when various input
voltages are applied to the mesh heater for ∼120 s.
Because of the high conductivity, the temperature
can be rapidly increased from room temperature
to ∼40 �C with only an applied voltage of 1.0 V. The
stable and fast heating property of the mesh heater is
also confirmed by the repetitive on�off cycles with

Figure 2. (a) Comparison of conductivity of Ag NWs dried at room temperature before (PVP) and after (HAm) ligand
exchange of Ag NWs. (b) Maximum loading amount and corresponding conductivity of Ag NWs in different elastomers:
(left) SBS and (right) PDMS. (c) Plot of the electrical conductivity versus the amount of LE Ag NWs. (d) (Top) Contour map of
sheet resistance and (bottom) cross-sectional SEM images of Ag NW/SBS films (left) without and (right) with ligand
exchange. (Top, right) Uniform and low sheet resistance and (bottom, right) uniform film thickness were observed in the LE
Ag NW/SBS film.
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durations of ∼60 s under an applied voltage of 0.5 V
(Figure 3e).
Figure 4 shows the mechanical, electrical, and

thermal characterization of the heaters. Comparedwith
the film-type SBS encapsulation (Supporting Informa-
tion Figure S4a, left), the patterned SBS encapsula-
tion (Figure S4a, right) induces less stress during
stretching regardless of the mixing ratio of LE Ag NW/
SBS (18/82 and 13/87) (Figure 4a; black versus red and
blue lines). The mixing ratios of LE Ag NW/SBS do not
also have much influence on the strain distribution,
which is explained by the finite element (FE) simula-
tion (Supporting Information Figure S4b). However,
the concentration of LE Ag NWs in the heating layer

significantly affects the thermo-resistive properties.
Figure 4b shows the changes in relative resistance
(R/R0) under different uniaxial tensile strains for the
mesh heaters with different LE Ag NW concentrations.
The mesh heater with higher LE Ag NW concentration
shows more stable values of resistance under the
induced strains because of more percolations and
fewer disconnections in the conducting paths, which
is confirmed by the FE simulations of electrical conduc-
tion of the stretched mesh heaters (Figure S4c; see
Supporting Information for details).
As for the wearable systems applied in the articular

region, the devices should endure the deformation of
joints. The strains induced on the wrist and the knee

Figure 3. (a) Schematic illustration of themesh heater fabrication process. The stretchable heater consisted of encapsulation
layers (SBS) and a heating layer (LE AgNW/SBS). Thermalweldingwith heat and pressurewas used to combine and bond each
layer. (b) SEM images showing the welded interfaces. (c) Optical image of a final mesh heater (left) before and (right) after
biaxial stretchingup to∼100%. (d) Temperatureprofiles under applied voltages of 0.5, 0.75, and 1.0 Von the heater. (e) Stable
and fast on/off responses under applied voltage of ∼0.5 V.

Figure 4. (a) Stress�strain curves of mesh heaters depending on the encapsulation type and Ag NW concentration in the LE
Ag NW/SBS mesh layer. Each encapsulation type is illustrated by a photograph in Supporting Information Figure S4a. (b)
Experimental (dot) and theoretical (line) values of relative resistance (R/R0) of LE AgNW/SBSmesheswith different amounts of
Ag NWs under tensile strains up to ∼100%. (c) Temperature profiles of LE Ag NW/SBS meshes with different amounts of Ag
NWsunder tensile strains up to∼50%under applied0.45V. (d) Cyclic stretching testwith applied strain of∼30%. The changes
in (top) relative resistance and (bottom) temperature were monitored in the LE Ag NW/SBSmesh with volume ratio of 18/82.
(e) Infrared (IR) camera images of meshes at applied strains of 0, 20, 40, and 60% and applied voltage of 0.75 V.
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during flexion or extension are ∼17 and ∼26%
(Supporting Information Figure S5a,b), respectively,
which are much below ∼50%. On the basis of these
observations, the maximum temperature change is
measured in the strain range of ∼50% and below
(Figure 4c). The high percolation of 18 vol % LE Ag
NW mesh heater maintains the high current flow and
low resistance under the stretched condition, while 9
vol % LE Ag NW mesh heater has the limited percola-
tion and high resistance particularly at the stretched
condition. The high temperature heating of the
18 vol % LE Ag NWmesh heater causes the higher heat
flux from the heater to the ambient air and thereby the
faster cooling than the 9 vol % case. We use the mesh
composed of LE Ag NW/SBS with a volume ratio of
18/82 for the cyclic stretching test. Under the induced
strains of ∼30% over 5000 repetitive cycles, the resis-
tance and joule-heating characteristics remain stable
(Figure 4d). Even after the UV exposure for 48 h, the
thermal property of the mesh heater is still maintained
without significant degradation in heater performance.
The stable electrical and mechanical property after the
UV exposure is also confirmed by the cyclic stretching
test (Supporting Information Figure S6). Figure 4e shows
a series of infrared (IR) camera images during the joule
heating at an applied voltage of∼0.75 V under uniaxial
strains of ∼0, ∼20, ∼40, and ∼60%. The air-cooling
effect in Figure 4c is also observed in Figure 4e.
When a large-area stretchablemesh heater (14 cm�

6.5 cm; Figure 5a, left) is integrated with a custom-
made electronic band (Figure 5a, right), the system
becomes portable. The heater size matches the aver-
age wrist size of the adult subjects. The mesh heater
is safe to use and the test subjects show no rashes or
signs of irritation after wearing it for 12 h (Supporting

InformationFigure S7). Poweredby thebattery installed
in the electronic band, the entire area of the stretchable
mesh generates heat. The properties of homogeneity,
high conductivity, and softness enable the stretchable
heater to heat evenly and maintain conformal contacts
with the joint during flexion and extension (IR camera
images in Figure 5b). The conducting layer sandwiched
between the thin elastomeric encapsulation layers
prevents electrical leakage but transfer heat effectively.
Figure 5c shows a schematic illustration and the corre-
sponding circuit diagram of the electronic band con-
taining the power supply and the microcontroller unit
(MCU). A custom-designed program is installed in the
MCU to control the heating modes (Figure S8a and
Supporting Information Movie 1). The number of clicks
on the switch determines the specific heating mode
bymodulating the voltage applied to the gate terminal
of the transistor through pulse-width modulation
(Figure S8b; see Supporting Information for details).
The transistor resistance is modified by changing the
gate voltage, which controls the electrical current to
flow through the heater. Various thermal profiles canbe
either custom-designedor preprogrammed (Figure 5d).
The custom-designed program also would turn the
power switch off automatically after 30 min of the
operation in order to prevent low-temperature burns
(right end of Figure 5d).
Articular thermotherapy induces vasodilation and

increases blood flow around the joints, which reduces
pain and joint stiffness.7,42 To achieve adequate ther-
apeutic results, the effective heat transfer from the
mesh heater is important. Heat transfer modeling from
the mesh heater shows that the overall temperature
rises on the skin surface and in the subcutaneous
layer by thermal diffusion (Figure 6a and Figure S9a;

Figure 5. (a) (Left) Imageof a large-area stretchable heater designed for thewrist; (right) imageof the heater as itwaswornon
the wrist. The blue strap shows the custom-made electronic band for the power supply and electronic circuits. (b) IR camera
images when the wrist moved downward and upward. (c) Schematic illustration showing (left) components of the electronic
band and (right) the corresponding circuit diagram. (d) Control of temperature profiles using a custom-made program; the
insets show IR camera images obtained under each heating condition.
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see Supporting Information for details).43 The
stretched mesh under the flexed condition (ε = 30%)
continues to effectively heat the subcutaneous layer
(Supporting Information Figure S9b). The degree of
vasodilation, one of the effects of the thermal therapy, is
to be estimated by directly measuring blood flow in the
radial artery with B-mode ultrasound (Supporting Infor-
mation Figure S10 and Movie 2).44 Five healthy adult
volunteers participated in the test. The color Doppler
imaging (Figure 6b) displays the pulsatile blood flow
in the radial artery. The dynamic indices, including the
peak systolic velocity (PSV) and the end-diastolic velocity
(EDV), are measured directly from the Doppler spectral
waveforms at the baseline (initial) and after heating
(∼40 �C) for 10 min. Warming by the stretchable heater
increases PSV from 54.02 ( 1.65 to 60.22 ( 0.96 cm/s
(n= 5, P< 0.05; Figure 6c, left) and EDV from11.28( 1.63
to 14.54 ( 1.22 cm/s (n = 5, P < 0.05; Figure 6c, right).
These results demonstrate that the blood flow increases
by the articular thermal actuation, possibly leading to the
pain alleviation and the muscle relaxation.42,45

CONCLUSION

In summary, we demonstrate the fabrication and
performance of the stretchable heater made of a
homogeneous nanocomposite of Ag NWs and SBS
elastomer. The high conductivity of the Ag NW/SBS
nanocomposite runs the stretchable heater with low
input voltages powered by a small battery. Further-
more, the mesh heater has a low system modulus and
small changes in resistance under the uniaxial or biaxial
strains. The heating profile on the wrist is uniform and
stable despite large joint movements. This patterning
process is also applicable to larger areas, which would
allow the heater to cover knee or other body parts as
well. Since the soft stretchable heatermakes conformal
contact with the skin, the heat transfer to muscles
or blood vessels is effective. Integrating the stretch-
able heater with a custom-made electronic band
provides further wearability and makes the system
truly portable to perform the point-of-care articular
thermotherapy.

METHOD
Synthesis of Ag Nanowires. To synthesize Ag NWs, a modified

CuCl2-mediated polyol process was used. After 800 μL of a 4mM

copper chloride solution (CuCl2 3 2H2O; Aldrich) was added to

130 mL of a 0.034 M PVP solution (average molecular weight,

55 000; Aldrich) in an oil bath (153 �C), 30 mL of 0.094 M silver

Figure 6. (a) Simulation of three-dimensional temperature distribution from the mesh heater to the subcutaneous layer
before heating and after 15min of heating. (b) A Doppler color image using B-mode ultrasound shows pulsatile blood flow in
the radial artery located in the forearm. The blood-flowvelocitiesweremeasured froma longitudinal duplexDoppler spectral
waveform. (c) Comparison of peak systolic velocity (PSV) and end-diastolic velocity (EDV) before and after heating (n = 5).
**P < 0.05 with a paired Student's t-test.
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nitrate (AgNO3; > 99% purity, Strem Chemicals, Inc.) in an
ethylene glycol solution was injected for 25 min. The synthesis
reaction lasted 1 h.

Ligand Exchange Reaction of Ag NWs and Preparation of Ag NW/SBS
Nanocomposite. First, 0.3 g of Ag NWs was dispersed in 30 mL of
dimethylformamide. Next, 30 mL of 0.01 M NOBF4 was added
to the Ag NW solution. After 5 min of gentle shaking, 10 mL of
hexylaminewas added to the reaction solution. The synthesized
LE Ag NW solution was purified by ethanol, centrifuged, and
redispersed in toluene with a concentration of 50 mg/mL. SBS
(KTR-101, Kumho, South Korea) was dissolved in toluene at
a weight ratio of 1:10. The LE Ag NW/SBS solution with the
appropriate ratio was mixed and dried to form the LE Ag
NW/SBS nanocomposite solution.

Characterizations of LE Ag NWs. Fourier-transform infrared (FTIR)
spectra were obtained in the transmission mode using the FTIR
spectorometer (FT-IR 200, Jasco). The contour map of sheet
resistance was measured using the automatic resistivity meter
(FPP-5000 4-point probe, Changmin, Co., South Korea). The
cross-sectional images were obtained by a scanning electron
microscope (SEM; JSM-6701F, JEOL, Japan). The stress�strain
curve was measured with a 2 cm � 2 cm heater, using the
universal testing machine (Instron5543, Instron).

Fabrication of Stretchable Heater. To produce the heating layer
of the stretchable mesh heater, the LE Ag NW/SBS nano-
composite solution was cast on a serpentine-patterned PDMS
mold with 300-μm line width and then dried at 60 �C. The
encapsulation layer of the heater was formedby the SBS solution
cast on a 400-μm line patterned PDMS mold. After heating and
the encapsulation layers were demolded, each layer was aligned
on the 400-μmpatternedPDMSmold andplaced on a 130 �C hot
plate for 30 min to weld them to each other. The other side of
the encapsulation layer was assembled as well after wiring both
ends of the mesh with copper wires and conductive paste. The
whole size and pattern size of the mesh for wrist band were
modified according to the wrist size.

Characterizations of the Stretchable Mesh Heater. The relative
resistance under tensile strain were obtained by a parameter
analyzer (B1500A, Agilent) with a custom-made x-axis motion
stage. All thermal properties and images were obtained by an
infrared (IR) camera (Thermovision A320, FLIR system, Sweden).
The average and maximum temperature were analyzed using
the built-in analysis software (FLIR tools, FLIR system, Sweden).
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