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ABSTRACT: We report a highly stretchable sensor with low-concentration (1.5
wt %) single-walled carbon nanotubes (SWCNTs) on flexible polyether ester
urethane (PEEU) yarn, fabricated using a low hydrothermal process at 90 °C.
Although SWCNTs restrict the PEEU polymer chain mobility, the resulting
ductility of our nanocomposites reduces only by 16.5% on average, initially from
667.3% elongation at break to 557.2%. The resulting electrical resistivity of our
nanocomposites can be controlled systematically by the number of hydrothermal
cycles. A high gauge factor value of 4.84 is achieved at a tensile strain below
100%, and it increases up to 28.5 with applying a tensile strain above 450%. We
find that the piezoresistivity of our nanocomposite is sensitive to temperature
variations of 25−85 °C due to the hopping effect, which promotes more charge
transport at elevated temperatures. Our nanocomposites offer both a high
sensitivity and a large strain sensing range, which is achieved with a relatively
simple fabrication technique and low concentration of SWCNTs.

■ INTRODUCTION

Global demand and potential market for smart textile-based
electronic and sensing devices are on the rise.1 The surge is
partly driven by the possibility to incorporate smart textiles
into various aspects such as sensing elements in human motion
detection systems,2,3 personalized health monitoring sys-
tems,4,5 human−machine interaction, and soft robotics.2,6 A
reliable wearable sensor should at least possess four basic
characteristics, namely, high sensitivity, high stretchability, fast
response, and good durability. These characteristics primarily
are determined by its sensing element and substrate as well as
their interfacial bonding. Carbon nanotubes (CNTs) are one
of the active and promising elements for nanoreinforcements
or fillers because of their extraordinary electromechanical
properties and high specific surface areas. A highly sensitive
surface of CNTs to the presence of mechanical perturbation
makes CNTs a promising starting active element for super
miniaturized electromechanical sensors and electrocatalytic
material.2,7 Both the properties of a highly sensitive surface and
excellent electrical conductivity make CNTs an attractive
building block for all wearable sensors. Although individual
CNTs have all desirable properties, the performance hinges on
and is determined by a network of CNTs on the substrate
material. Therefore, materials for both the sensing element and
substrate must be carefully selected and matched to meet the
desired criteria. Various types of stretchable sensor platforms

have been reported to date including hybrid graphene/ZnO/
cotton,8 CNT/thermoplastic polyurethane,9 graphene/poly-
dimethylsiloxane (PDMS),10 Au/PDMS/PANI,11 CNT/sili-
con rubber,12 and ionic hydrogel,13 which have different
sensitivities in response. Various pathways and techniques to
build smart textiles have been devised throughout the years
ranging from wet spinning,9,14,15 knife-rolled coating,16 dip-
coating,17,18 and air spray coating.19 However, further
exploration in fabrication techniques is still required to find a
simple process that is cost-effective and has large scale
potential to produce wearable sensors with a good and reliable
performance. Mixing CNTs directly with polymer substrates
often suffers from a poor dispersion and requires high enough
concentrations to achieve a certain desired resistance value.
This results in high production costs and complicated
engineering routes. The deposition of individual CNT
solutions on the polymer surface is one of the more convenient
techniques for fabricating CNT networks by surface mod-

Received: October 5, 2021
Accepted: November 23, 2021
Published: December 7, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

34866
https://doi.org/10.1021/acsomega.1c05543

ACS Omega 2021, 6, 34866−34875

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riyani+Tri+Yulianti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuyun+Irmawati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fredina+Destyorini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Ghozali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andi+Suhandi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Surip+Kartolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Surip+Kartolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andri+Hardiansyah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joon-Hyun+Byun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Hamzah+Fauzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rike+Yudianti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c05543&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05543?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05543?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05543?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05543?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/50?ref=pdf
https://pubs.acs.org/toc/acsodf/6/50?ref=pdf
https://pubs.acs.org/toc/acsodf/6/50?ref=pdf
https://pubs.acs.org/toc/acsodf/6/50?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c05543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


ification. Using the technique Li et al. successfully sprayed
superhydrophobic coated CNT/TPE on a fabric glove,19

Amjadi et al. successfully spray coated CNTs on Ecoflex with
an excellent stretchability,20 Dai et al. successfully deposited
CNTs onto porous nonwoven fabric,21 and Tang et al.
successfully used CNT ink as the core solution to create a
highly stretchable and durable core−sheath piezoresistive
fiber.15 The deposition technique is therefore crucial and
promising to construct a good conductive network of CNTs on
the matrix while maintaining all the desirable performance.
However, the strategy to achieve simultaneously sensitive and
highly flexible sensors using cost-effective fabrication techni-
ques and materials remains a major challenge to date.
Here, we report the successful development of a facile route

to fabricate single-walled CNT (SWCNT)-coated polyether
ester urethane (PEEU) as a flexible, stretchable, and sensitive
strain sensor by cyclic hydrothermal coating. We uniformly
coated a thin polydopamine (PDA) layer onto PEEU yarn via
in situ polymerization of dopamine to form SWCNT−substrate
interfacial bonding. With this cyclic hydrothermal coating
technique, we can convert an inexpensive commercially
available PEEU yarn into a valuable piezoresistivity sensor
with a controlled process and reusable nanosolution. This
process has economical value and potential for large-scale
production. With this fabrication technique, we can produce a
piezoresistive sensor with both high sensitivity and good
stretchability that can withstand extreme strains of up to 600%,
a gauge factor (GF) of up to 28.5, and a fast response of less
than 1 s with low CNT concentration. We evaluate and discuss
all relevant electromechanical properties such as responsive-
ness and the sensitivity level of our nanocomposites in

response to various mechanical deformation modes and
controlled temperature variations.

■ RESULTS AND DISCUSSION
Structure and Physical Properties. The SWCNT

network decorated on the PEEU yarn has an outstanding
stretchability and response to the mechanical deformation.
Figure 1 shows the structure and physical properties of the
nanocomposites with and without PDA treatment as revealed
by scanning electron microsopy images. Self-polymerization of
dopamine on the PEEU yarn plays an essential role in
strengthening SWCNT−PEEU interfacial bonding. The treat-
ment altered the morphological surface of the PEEU yarn in
such a way that it became more porous and had a hydrophilic
surface, as shown in Figure 1b. Amine and hydroxyl-rich
groups of PDA are responsible for altering the PEEU surface
type from hydrophobic to hydrophilic. Having a hydrophilic
contour means that the SWCNTs can be tightly embedded in
the substrate (Figure 1d). In contrast, without PDA treatment,
we observed a poor surface adhesion of the SWCNTs to the
yarn as shown in Figure 1c. Then, we clearly observed a good
adhesion between SWCNTs and the polymer substrate
whereas SWCNTs tend to align along the PEEU substrate
deeply. The degree of SWCNT orientation along the bulk
substrate determines electron transport of the sensing
properties of the nanocomposite, which is parallel to the
tensile axis.22

Previous reports show that the primary amine group in PDA
is indeed biocompatible and can be effectively used as a surface
adherent coating for biomolecular systems.23,24 Surface
modification after PDA treatment is visibly seen with the
naked eye where its color changed from white to brown,

Figure 1. Morphological surface of the nanocomposite. (a) PEEU yarn. (b) PEEU yarn after PDA treatment. (c) Nanocomposite without PDA
treatment. (d) Nanocomposite with PDA treatment. (e) Orientation of SWCNTs on the nanocomposite surface. (f-1) Bare PEEU yarn (white). (f-
2) after polymerized-dopamine treatment (brown), (f-3) nanocomposite (black), and (f-4) hydrothermal cycle vs resistance of CNT−PEEU
nanocomposite.
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indicating successful templating of polymerized PDA on the
polymer substrate, as shown in Figure 1(f-2). We compare the
surface absorption of bare PEEU yarn and PDA-polymerized
PEEU yarn to the dispersed solution and record resistance
change versus cycle number (Figure 1(f-4)). As a result, the
PDA-polymerized surface rapidly absorbs SWCNTs and forms
a network of tube elements as an electron transport pathway.
The good stability of SWCNTs on the yarn surface not only
guarantees a durable retention of molecules bound to its
surface but also is the key factor to ensure long-term safe
performance application. The hydrophilic surface has several
active groups to facilitate faster absorption of SWCNTs that
are responsible for the bonding stability and application
performance.
A major challenge facing textile-based sensors is its durability

in particular after being exposed to a harsh condition.25 To
examine the durability and reliability of our nanocomposites,
we immersed them in water at room temperature and 50 °C
and stirred at 100 rpm for 2 h. We repeat the cycle for three
times and measure their electrical resistance after each cycle.
For the nanocomposites with PDA treatment, the resistance
value is almost unchanged throughout the cycles both at room
temperature and 50 °C (Figure 2b). Furthermore, no visible
discoloration is observed in water due to carbon or PDA. In
contrast, for the nanocomposites without PDA treatment, we
observe a very large resistance fluctuation throughout the
cycles (48−181.45%), indicative of a weak interfacial bonding
between SWCNTs and the yarn (Figure 2a). Intertube
connection and the degree of nanotube alignment in bulk
materials are crucial points to gain extraordinary electron
transport and hence sensing properties. To this end, we
conclude that PDA can protect the SWCNTs from being
detached as well as retain the SWCNT configuration.

We have measured Fourier transform infrared (FTIR) and
Raman spectra to gain insights of any functional groups present
in the nanocomposites. As shown in Figure 2c, functional
groups belonging to PEEU such as amine, alkyl, aliphatic ester,
amide, COC ester, and COC ether groups can be easily
identified from the FTIR spectra. The polymer is a three-block
copolymer having satisfactory mechanical properties, degrad-
ability, nontoxicity, and excellent shape recovery properties.26

The spectra obtained from bare PEEU yarn and nano-
composites are substantially similar in that we do not see a
trace of SWCNTs in the spectra because they absorbed
infrared light as expected. To observe SWCNT traces, we turn
our attention to Raman spectroscopy. We were able to identify
three successive Raman peaks, namely, D-band, G-band, and
G′ band, from our nanocomposites, respectively. A defect-
induced Raman peak in the graphitic structure (D-band)
appeared around 1,344 cm−1. An in-plane vibrational mode of
sp2 carbon atoms (G-band) appeared around 1,581 cm−1.
Finally, the G′ band, a second-harmonic Raman scattering of
the D-band phonon, appeared around 2,675 cm−1. The G-band
spectrum shifts initially from 1,579 to a higher wavenumber,
1,581 cm−1, indicating the presence of chemical interfacial
interaction between SWCNTs and PEEU yarn whereas stress
and charge transfer might occur. The shifting of the G-band
generally occurs in some CNT−polymeric nanocomposites,
indicating each interaction between the components.27,28

Raman spectroscopy of the polymer yarn shows the
asymmetric stretch of CH2 at 2,971 cm−1, the symmetric
stretch of CH3 at 2,861 cm−1, and CH2CH3 deformation at
1,448 cm−1. The band located at 1,615 cm−1 comes from the
double CC bond of the heterocycle of urethane. These
bands are not visible in the nanocomposite due to high Raman
sensitivity for the carbon structure.29

Figure 2.Wash durability of the nanocomposite. (a) Without and (b) with PDA treatment. (c) FTIR spectra. (d) Raman spectroscopy. (e) Stress−
strain representative curve. (f) Thermal properties of bare PEEU yarn and SWCNT−PEEU nanocomposites.
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We have selected PEEU yarn as a substrate for several
reasons primarily due to its strength and excellent stretch-
ability, a suitable platform for wearable sensors. Mechanical
properties of the bare yarn and the nanocomposite yarn are
compared to know the effect of SWCNTs on strength and
stretchable properties of the nanocomposite. As we can see
from Figure 2e, the bare yarn is able to sustain a very large
strain range of up to 600% at 28.2 MPa. Interestingly, even
after hydrothermal processing of SWCNTs, its ductility does
not reduce significantly and is able to sustain the strain up to
600%. SWCNTs restrict stretchability to be stiffer due to
SWCNT reinforcement. Figure 2f shows SWCNT-altered
thermal decomposition properties of the nanocomposite.
SWCNTs increased the thermal decomposition of the
nanocomposite from 325 °C to about 340 °C which resulted
in residues of 4.98 and 10.47% for bare yarn and the
nanocomposite, respectively. The resulting residue is likely
derived from PDA and nanotube substituents due to the
thermal stability of CNTs.30,31 The enhancement of the
thermal stability of the nanocomposite is also affected by the
yarn interface effect and the SWCNT interaction. A
concentration of 1.5% nanotubes on the substrate also
effectively increased Young’s modulus by 14.3% where Young’s
modulus for the substrate and nanocomposites is 3.58 and 4.22
GPa, respectively. The values for optimizing the reinforcing
effect of SWCNTs in polymer substrates include the quality of
the SWCNT dispersion and the interfacial adhesion between
the SWCNTs and the polymer substrate. This shows that
SWCNTs are promising for the fabrication of polymer
nanocomposites that possess strong potential for a wide
spectrum of applications.
Electromechanical Responses. After exhaustively evalu-

ating all relevant physical and structural properties of our
nanocomposites, we are now in position to finally test their
electromechanical responses. The sensor detection and

responsiveness were real-time recorded due to an external
interference effect such as mechanical strain. We placed the
sample in a customized linear actuator where both sample ends
were clamped firmly to copper electrodes as shown in Figure
3a,b. The sample under test had an initial length l0 of 21.88
mm and resistance R0 of 2.134 kΩ. We have measured a
handful of samples from different batches and obtained
consistently similar performance. Figure 3c shows selected VI
curves for several strain values, from 0 to 600%. As one can see,
the slope sharply reduced when we stretched the sample to
110% from its initial length, after which the slope gradually
reduced. Note that the current only flows through the
SWCNT network and the PEEU itself is an insulator and
therefore does not conduct current. The transport across the
sample relies heavily on the cross-linked network contact
between each SWCNT constituent. When the sample is
stretched, the cross-link effectively reduces, and consequently,
the sample becomes less and less conducting. To evaluate the
sensitivity of our nanocomposites to the applied strain, we plot
a percentage change in the resistance with respect to its initial
value (ΔR/R0) as a function of strain. The sensitivity is
customarily denoted by a GF and the slope of ΔR/R0 versus
strain. The GF value extracted from Figure 3d is not constant
but strain-dependent, similar to previous reports.9,32 Below
100% strain, we obtain a reasonably good sensitivity with a GF
value of about 4.84. The sensitivity improves at a higher strain
regime, reaching a GF value of about 28.5 above 450% strain.
Although the GF value at low strain is relatively low, about 4.8,
because the initial resistance typically is quite high, about 2 kΩ,
and the resistance change (ΔR = GF × R0 × ε) is still
reasonably high and can be detected without using a special
technique like a resistance bridge. For instance, for ε = 10%
and GF = 4.8, we have a ΔR of about 1 kΩ.
We applied a mechanical stress to the nanocomposite yarn

in transverse and axial directions. Mechanical stress such as

Figure 3. (a) Photograph of experimental set instruments. (b) Photograph of the linear actuator stage. (c) Selected IV curve recorded before (black
curve) and after stretched to a various degree. (d) Normalized change in resistance plotted as a function of strain extracted from the IV curve
displayed in panel (b). Current−voltage curve of the nanocomposite yarn in transverse (e) and axial (f) forces by weight loading (60, 100, 145, and
190 g).
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axial and transverse forces using weight loads of 60, 100, 145,
and 190 g was subjected to our sample. We then compared
these force directions on the nanocomposite sensitivity.
Transversely, we put weight loads in the center of the
nanocomposite yarn and the resulting voltage−current curves
are shown in Figure 3e. Transverse weight loads of 60 to 190 g
stretch the nanocomposite fiber from 25.9 up to 67.0%,
corresponding to an increase in GF from 1.5 to 7.3. We also
clamped the same weight load of 60 to 190 g at one end of the
nanocomposite yarn in the axial direction. The axial weight
loads stretch the nanocomposite fiber more than the previous
case from 33.3 up to 282.0%, respectively (Figure 3f). In both
force directions, the nanocomposites exhibit simultaneously
electric current drops and a gradual increase in the GF with
increasing weight load. For instance, the axial mechanical stress
greatly reduces the electric current which corresponds well to
the generation of nanocomposites that are more sensitive with
GF value increases from 2.4 to 12.4. These observations
suggest that the weight is not the only factor that must be
considered but the force direction is also important in
determining the sensitivity of the sensor.
We further test the nanocomposite under a mechanical cycle

at several levels of applied strain to monitor its sensitivity and
durability. PEEUs as a polymer substrate featured an ability to
recover the original shape from the deformation state. The
mechanical treatment, that is, fold-release cycle, was applied to
the nanocomposites to investigate the shape recovery effect on
the sensing properties. The nanocomposite retains its shape
after folding as indicated by the simultaneous return in
electrical resistance to the initial state (Figure 4a). In the first
few fold−release cycles, the resistance was increased by
∼0.55−1.0% and was highly reproducible afterwards, no
significant fluctuation was clearly observed. This could be
due to the permanent replacement of some SWCNTs within
the PEEU substrate in the first cycle. We put the sample in the

customized linear actuator stage where two ends of the sample
were tightly clamped. Both sample ends were clamped in 1.66
cm distance to control the movement in the actuator stage.
The sensing response was real-time recorded under different
mechanical mode cycles, that is, bending−straight and
stretch−straight cycles. In bending−straight treatment over
900 cycles, the sample was bent to 79.5% and straightened to
the initial length. The sample exhibits a sufficiently stable and
durable response for 600 s, shown in Figure 4b, and did not
show a significant resistive deformation after several cycles
compared to the initial state (Figure 4c). Then, we treated the
nanocomposite yarn in a larger-scale force by pulling it from 25
up to 600% elongation by the linear actuator stage. The
stretch−straight cycle for 500 s was applied to the sample and
real-time recorded. Figure 4d shows a 100% stretch−release
cycle showing a stable and durable response under each cycle
for 500 s. A large range of elongation of up to 600% causes a
mechanical deformation of the electrical network in the
nanocomposite structure. This is clearly indicated in the
gradual decrease in electrical current of the nanocomposite
yarn (Figure 4e).
In the various cycle scenarios, that is, fold−release,

bending−straight, and stretch−straight cycles, our nano-
composite consistently show good linearity, sensitivity, and
durability. We observe a change in the baseline resistance of
the nanocomposite for each stretch treatment which may be
due to the stress relaxation nature of the PEEU yarn.12,33

External tension applied to the nanocomposites induces a
stress transfer from the PEEU yarn to the SWCNT−PEEU
nanocomposites and rearrangement and reorientation of
SWCNTs. Tensile stress is slightly reduced by the stress
relaxation effect and reconnection tube element. Therefore, the
initial electrical resistance tends to be higher and then
gradually decreases after the 120−200 s cycle period.

Figure 4. (a) Resistance changes in the fold−release cycle. (b) Current−time curve of bending−release cycles. (c) I−V curve of the bending−
release cycles. (d) Current−time curve of stretch−release cycles. (e) Sweep of the stretch−release cycle. Photograph of the bending state (b-1) and
stretching state (d-1) in the linear motor stage.
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Our nanocomposites responded well not only to the static
strain but also to the dynamical strain. We have assembled our
nanocomposites into a wearable sensor to detect dynamic
motion as shown in Figure 5(b-1)−(e-1). An adhesive tape
was used to fix both ends of the sensor for a stable connection.
We attached a string of our nanocomposites to an index finger
and see how it responded to a 90° flexing movement of the
index finger. The electric current dropped when it flexed and
vice versa with a characteristic response time of about 1 s. The
wearable sensor shows a sensitive response of less than 1 s in a
finger motion cycle with strain up to 10% (Figure 5a). We
further recorded a dynamical strain of the nanocomposite in
different motions. The nanocomposite yarn was fixed on the
back hand to detect a sensing open−clasping hand motion
(Figure 5b). The sensor shows an excellent sensitivity as well
as responsivity with a response time of less than 1 s. The
motion of the clasping hand imposes a strain onto the
nanocomposite, which in turn reduced the electric current
along the nanocomposites almost instantaneously. The electric
current recovered back to its initial value when the action is
reverted.
To evaluate our sensor for a large-scale movement, we fixed

a 5 cm-long nanocomposite on the elbow joint. When the
elbow was flexed to 145°, the nanocomposite fiber was
stretched by about 20%. We repeated the movement over 50
cycles and recorded the corresponding electrical response

simultaneously as shown in Figure 5c. As one can see, the
response was stable over a long period of 400 s. We also
assembled the fiber around the wrist to test the sensing
capability for a cyclic transverse movement as shown in Figure
5d. The wrist was moved back and forth, but in between the
movement, we rested for 5 s at each position. It is also crucial
to know the threshold of our developed nanocomposite sensor
for detecting human motion such as a small finger movement.
We find that our nanocomposite attached to a finger still gives
a noticeable electrical response when it gets a 4% stretch as
shown in Figure 5a-1. It suggests that our nanocomposites
could sense a fine human motion.
For all the dynamical strain scenarios presented above, our

nanocomposites can detect various degrees of motion. This
excellent electrical performance was achieved due to a strong
interfacial bond between SWCNTs and the PEEU yarn.
Furthermore, SWCNTs have excellent elastic properties,34

enabling the CNTs to flexibly move as the PEEU yarn is
stretched. From the whole electromechanical data presented
above, we conclude that the mechanical deformation causes a
change in the electrical conductivity of the nanocomposite
yarn. The change in the electrical conductivity is due to the
alteration in the network and configuration of the SWCNT
element (Figure 5e). Prior to mechanical deformation, we
consider that the initial configuration of tube elements aligned
along the polymer chain which has the highest electrical

Figure 5. Dynamic response of the PEEU−SWCNT wearable sensor. (a) Sensing curve of the finger motion test. (b) Sensing curve of the open−
clasping hand motion test. (c) Sensing curve of elbow flexion; (d) sensing curve of wrist motion. (e) Schematic model of the SWCNT
configuration. (f) Comparison of the GF and max. strain between our strain sensor and the reported strain sensor. (a-1) Resistance response in low
finger flexion. Photographs of the (b-1) index finger, (c-1) open−clasping hand motion, (d-1) elbow flexion, and (e-1) wrist motion.
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conductivity level. This analysis is in accordance with the
morphological surface shown in Figure 1e and the initial stage
of the exponential curve shown in Figure 3d. The alignment of
the SWCNTs and the interconnection between them are an
essential factor. The axial stretching applied to the nano-
composite causes a shearing force tube interconnection, giving
rise to a direct reduction in the electrical conductivity of the
nanocomposite yarn. Relaxing the nanocomposite yarn would
make the CNTs reconnect and electron transport return to the
initial state. Bending the nanocomposite might induce arc-
shaped cracks and limit the conducting pathways. The
SWCNT network and configuration in the PEEU polymer
substrate are schematically illustrated in Figure 5e. The
network and configuration dictate the electron transport
properties because van der Waals and electrostatic interactions
between CNTs are too weak to transfer electrons
efficiently.35,36

Accordingly, SWCNT and PEEU interaction plays a vital
role in the sensing and stretchability properties of the
nanocomposite system. Some polymer substrates such as
polyvinyl alcohol,8,34,35 thermoplastic polyurethane,36 poly-
vinyl carbonate,37 PDMS,38 and polyethylene terephthalate39

were widely used as sensing element substrates which results in
different stretchabilities and sensitivities of the sensor. The
piezoresistive effect due to mechanical deformation of CNT/
polymer composites can be understood in terms of the CNT
network configuration, as investigated by many authors.40−42

We compare our nanocomposite sensor performance with
some reported results, shown in Figure 5f. The figure shows
the maximum working strain versus GF with different material
substrates such as TPU/PDMS,37 PMMA/PDMS,10 PDMS/
silicon oligomers,38 PDMS,38−44 ecoflex,15,45 silk fabric/
ecoflex,46 epoxy resin,47 and TPU48,49 with different active
elements such as graphene, CNTs, nanosilver, and carbon
fabricated by various techniques. Some of these strain sensors
possess GFs of up to a thousand with strains lower than 100%.
Others can withstand a large strain over 200% with a GF lower
than 20. Our nanocomposite presents a high stretchability of
over 600% with a GF of 28.5, above the average value of the
results reported which expectedly have a wide sensing range for
many applications.
The linearity, stretchability, and durability of the PEEU−

SWCNT nanocomposite-based strain sensors are mostly
affected by the structure of the nanocomposite, the properties
of the polymer substrate, and the interaction between the

active element and the polymer matrix.12,44,50 Furthermore,
durability and sensitivity are mainly caused by the friction force
between the filler elements and the matrix due to the slippage
of fillers under stretching and the delay time associated with
the re-establishment of the percolation network upon
release.51,52

Investigating the piezoresistivity of our nanocomposites at a
controlled temperature is needed to determine the thermal
stability of their sensing performance. The piezoresistivity of
CNT nanocomposites is known to be sensitive to temperature
variations53−55 To evaluate the effect, we put our nano-
composites inside a controlled temperature−humidity cham-
ber and measure their transport properties. We investigate the
piezoresistive properties against the temperature variations
from 25 to 85 °C, while the relative humidity is fixed at 70%
throughout the measurement. Figure 6a shows the VI curve of
unstretched nanocomposites measured against the chamber
temperature variations. The VI slope gradually gets steeper
with increasing temperature, indicating that the resistance
decreases at elevated temperature. Figure 6b shows the initial
resistance R0, extracted from the VI slope in Figure 6a, as a
function of chamber temperature. The R0 reduces from 15.9
kΩ at 25 °C down to about 10 kΩ at 85 °C with the rate of
about −0.1 kΩ/°C. The reduction of resistance with increasing
temperature is caused by thermally assisted variable range
hopping across the CNT network, which facilitates more
charge transport at higher temperature above room temper-
ature.53,54 The impact of temperature variations when the
nanocomposites are stretched is shown in Figure 6a. The
reduction rate (ΔR/ΔT) at 30% strain is almost similar to the
unstretched one of about −0.1 kΩ/°C. However, when we
stretch the nanocomposites by more than 30%, the impact
starts getting more significant approaching as high as −2 kΩ/
°C at 90% strain. Mitigation is clearly needed to reduce the
temperature effect on the sensing properties, in particular,
when the nanocomposites are stretched more than 30%. For
instance, one can hybridize CNTs and graphite film to
minimize the temperature effect.53 However, it is beyond the
scope of the present study and we leave the issue out for future
studies.

■ CONCLUSIONS
In conclusion, we have succeeded in fabricating a highly elastic
and sensitive SWCNT−PEEU nanocomposite yarn using a low
hydrothermal process. We have obtained a high GF value of up

Figure 6. (a) VI curve of unstretched nanocomposites measured against chamber temperature variations ranging from 25 to 85 °C. The relative
humidity of the chamber is fixed to 70%. (b) Initial resistance R0 plotted as a function of temperature extracted from the VI curve in panel (a). (c)
ΔR plotted as a function of temperature stretched ranging from 30 to 110%. The red lines in panels (b,c) are a linear fit to the data.
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to 28.5 at a maximum stretch of 600%. Nanocomposite yarns
with a low SWCNT concentration of 1.5% by weight have
excellent electrical and sensing properties, capable of detecting
a fine human motion and a fast response time.
The SWCNT network and configuration on the PEEU

polymer substrate are crucial for determining the transport
properties. We find that the piezoresistivity of our nano-
composites is affected by temperature due to a thermally
activated hopping mechanism. Future works are needed to
minimize the temperature effect, for instance, by hybridizing
our nanocomposites with graphite films as demonstrated in ref
53.

■ EXPERIMENTAL METHODS

Materials. We purchased SWCNTs with purity 95%, 0.1−
0.2 nm diameter. and 3−30 μm length from Chengdu Alpha
Nano Tech. Co. Ltd. PEEU yarn as the polymer substrate was
commercially purchased from a traditional sewing shop.
Dopamine hydrochloride, tris(hydroxymethyl)aminomethane,
and sodium dodecyl sulfate BioXtra 99% were purchased from
Sigma-Aldrich.
Fabrication Methods of the PEEU−SWCNT Nano-

composite. As shown in Figure 7, prior to mixing the yarn
with SWCNTs, we washed it with ethanol, acetone, and DI
water, respectively. We dissolved (5 mg/mL) dopamine in 50
mL of DI water with the pH adjusted to 8.5 by gently adding 1
M Tris HCl solution (pH 8.8). We then immersed the yarn
(50 cm long and 500 μm in diameter) in the dopamine
solution under stirring at 60 rpm for 24 h at room temperature.
Finally, we washed the yarn thoroughly with DI water and
dried it at 60 °C in an oven. In the meantime, we separately
prepared a 20 mg SWCNT dispersion using a probe sonication
in DI water containing 100 mg of SDS. We then hydro-
thermally processed the pretreated PEEU yarn in SWCNT
solution at 90 °C hydrolysis, for 3 h in each cycle and dried in
an oven at 50 °C for 30 min. After drying, we measured it
electrical resistance at room temperature. The electrical
conductivity improves gradually with repeating the hydro-

thermal process up to 5 cycles as schematically shown in
Figure 7 and demonstrated in Figure 1(f-4).

Structural and Physical Characterization. It is imper-
ative to characterize various physical properties of a bare PEEU
yarn and SWCNT−PEEU nanocomposites in the first place.
The carbon structure of SWCNTs was evaluated by a modular
iHR320 Raman spectrometer (Horiba Scientific, Japan) with a
532 nm excitation laser. The morphological surface of the
nanocomposite was observed by a scanning electron micro-
scope, JEOL JSM IT300 at 15 kV, to see the effect of PDA
treatment on the interfacial bonding between SWCNTs and
the PEEU substrate. Tensile tests were carried out by a
universal testing machine Yasuda equipped with a 100 N load
cell. The nanocomposite yarn was clamped in 25.4 mm
distance and stretched out at the rate of 10 mm/min. The wash
durability of the nanocomposite was tested by stirring the
samples in water for 2 h at room temperature and 50 °C. The
process was repeated three times to evaluate the interfacial
bonding strength between SWCNTs and the polymer
substrate.

Electrical Transport Properties. We measured a change
in the voltage−current (VI) curve due to mechanical
deformation using a Keithley 2450 source meter unit. During
the mechanical deformation test, the nanocomposite sample
was placed in a linear motor stage with both sample ends
clamped firmly. We swept the voltage bias from −1 to +1 V
and monitored its electrical current each time at a different
strain value, ranging from 0 to 600%. The electrical resistance
is simply determined from the inverse of the VI slope. We also
measured electromechanical properties of the sample placed in
a linear motor stage in the control chamber of temperature
scan up to 90 °C and humidity.
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