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A B S T R A C T   

Conductive polymer composites (CPCs) based flexible temperature sensors are highly desirable for electronic 
skins (e-skins) due to their flexibility, good processability, and lightweight. However, it is still a challenge to 
fabricate a flexible CPC-based temperature sensor with linear negative temperature coefficient (NTC) effect 
because CPCs normally exhibit non-monotonic dependence on temperature. Herein, we prepare the flexible 
thermoplastic polyurethane (TPU)/single-walled carbon nanotubes (SWCNTs) composites by the facile method 
of solution blending and thermal annealing. The as-prepared composites exhibit a monotonic and linear NTC 
effect in the temperature range of 30–100 ◦C, which can be designed into highly flexible and sensitive tem-
perature sensors. The as-prepared sensor can achieve respiratory monitoring, cellphone charging time moni-
toring and non-contact temperature detection, attributing to its high accuracy (0.1 ◦C), excellent reproducibility 
and high reliability (Deformation and heating rate have no effect on the thermal response.). Moreover, the 
sensors also show resistance response to infrared radiation owing to the excellent photo-thermal effect of 
SWCNTs. The integrated linear NTC effect and photo-thermal effect endow the sensors with tremendous po-
tentials in e-skins and wearable electronics.   

1. Introduction 

Electronic skins (e-skins) refer to the electronics that are capable of 
mimicking the specific functions of human skins, including monitoring 
health, sensing external stimuli and providing feedback. Flexible tem-
perature sensor is one of the vital components of e-skins that provides 
thermosensation capability, which has received intensive attentions 
attributing to the rising demand in healthcare monitoring, intelligent 
robotics, and environmental monitoring [1–12]. However, conventional 
temperature sensors made of semiconductors or metals exhibit the 
defect of high rigidity, which limits their application in soft e-skins. As 
an alternative, conductive polymer composites (CPCs) composed of 
conductive materials and polymers are more suitable for e-skin, owing 
to the numerous superiorities of flexibility, lightweight, high sensing 
performance and good processability [13–23]. 

Currently, CPC-based sensors with positive temperature coefficient 
(PTC) effect, i.e., the resistance of the sensors increases with increasing 

temperature, have achieved a great success in their commercialization 
of self-regulating heaters, over-temperature and over current protection 
[24–26]. However, rare CPC-based temperature sensors with negative 
temperature coefficient (NTC) effect, i.e., the resistance of the sensors 
decreases with increasing temperature, have been reported despite their 
various applications, such as human machine interface, healthcare 
minoring, and wearable electronics [27–29]. The major challenge is that 
the PTC effect always exists before the melting temperature of crystal-
line polymer matrix or the glass transition temperature of amorphous 
polymer matrix for CPCs due to the damage of conductive networks 
resulting from the detrimental volume expansion effect of polymer 
matrix. To achieve NTC CPCs-based temperature sensor, some effective 
strategies have been proposed. One route is to select the conductive 
fillers with high aspect ratio, such as carbon nanotubes and graphene 
[30–32]. The reason is that the overlapping conductive network con-
structed by high aspect ratio conductive fillers with more junctions 
makes it more stable in the heating process, which is conducive to the 
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elimination of PTC effect caused by thermal expansion of polymer ma-
trix. For example, Liu et al. [30] reported a slight NTC effect for the 
high-density polyethylene filled with bundle-like structured 
multi-walled carbon nanotubes (MWCNTs). However, an evident PTC 
effect was still observed in the resulting CPCs. Ansari et al. [31] prepared 
a graphene/poly(vinylidene fluoride) composite-based temperature 
sensor with only NTC effect. Nevertheless, nonlinear resistance response 
behavior of the sensor hinders its practical application. Another route is 
to design hierarchical structures (e.g., segregated structure and porous 
structure) to eliminate the thermal expansion of polymer or reduce the 
damage of conductive networks caused by polymer thermal expansion 
[18,33]. In our previous work, it was found that the chlorinated poly 
(propylene carbonate) (CPPC)/carbon black (CB) composite with a 
porous structure exhibited an almost linear NTC effect upon heating 
[33]. During the heating, gas inside the foam expanded, which induced 
the thinning of foam walls and limited the thermal expansion of CPPC, 
thereby caused a decrease in the distance between CB particles. Thus, 
resistance of the composites decreased with increasing temperature. 
However, the relatively poor flexibility and reproducibility, slow 
response, and complex processing procedure hinder the application of 
the CPPC/CB temperature sensors. Up to now, it is still a great challenge 
to fabricate a flexible CPC-based temperature sensor with linear NTC 
effect by a facile and low-cost method. 

In the current study, we prepare a flexible thermoplastic poly-
urethane (TPU)/single-walled carbon nanotubes (SWCNTs) composites 
by a facile method of solution blending and the following thermal 
annealing. It is found that the composites exhibit a monotonic and linear 
NTC effect upon heating from the temperature of 30 ◦C–100 ◦C. The 
effects of SWCNT content, heating rate and deformation of the sensor on 
the temperature sensing performance have been systematically investi-
gated. The as-prepared temperature sensor based on TPU/SWCNTs 
composite exhibits high accuracy (0.1 ◦C), excellent reproducibility and 
high reliability. More interestingly, the TPU/SWCNTs sensor also 
display remarkable resistance response to infrared radiation (IR) owing 
to the excellent photo-thermal effect of carbon nanotubes [34–37]. 
Therefore, the as-prepared sensor also has the capability of detecting IR. 
Due to various merits of TPU/SWCNTs temperature sensor, we designed 
several demonstration experiments to show its capabilities in respiration 
monitoring, cellphone charging time monitoring and non-contact ther-
mosensation, indicating great potential in e-skins and personal health-
care monitoring. 

2. Experimental section 

2.1. Materials 

Highly purified SWCNTs (purity of >95%, diameter of 1–2 nm, and 
length in the range of 5–30 μm) were provided by Chengdu Organic 
Chemicals Co. Ltd. TPU thermoplastic elastomer particles (Elastollan 
1185A) were obtained from BASF Co. Ltd. Tetrahydrofuran (THF, Z90%, 
analytical reagent) was purchased from Sinopharm Chemical Reagent 
Co. Ltd. 

2.2. Sample preparation 

TPU/SWCNTs composites were fabricated by solution blending with 
the assistance of ultrasound. Firstly, TPU particles were adequately 
dissolved in THF by magnetic stirring for 2 h till all TPU particles were 
completely dissolved. Meanwhile, SWCNTs were dispersed in THF and 
ultrasonicated for 1.5 h by a cell crusher (Ningbo Scientz Biotechnology 
Co., Ltd, China). Subsequently, the SWCNT suspension was added into 
TPU solution under high speed stirring, and the mixture was then 
magnetic stirred for another 1 h. Then, the mixture was ultrasound 
treated for 30 min in ice water bath by an ultrasonic cleaning machine 
(KQ3200DE) with a power of 100%. Next, the solvent of THF was 
rapidly evaporated by high speed stirring at room temperature, and the 

TPU/SWCNTs mixture with the TPU concentration of 10 wt% was ob-
tained. The obtained mixture (about 4.5 g) was cast into a petri dish 
(diameter: 60 mm) and left at 25 ◦C overnight. After that, the obtained 
mixture was placed in a vacuum to completely evaporate the solvent of 
THF. Finally, electrodes were loaded onto the surface of resulting TPU/ 
SWCNTs samples (3 cm × 0.5 cm) to assemble into the temperature 
sensors (The thickness of the sensors is ca. 0.12 mm.). 

2.3. Characterization 

Scanning electron microscopy (SEM, HITACHI S-4800) was utilized 
to characterize the dispersion of SWCNTs in TPU matrix. The samples 
were cryo-fractured in liquid nitrogen after immersing for 40 min, and 
the fractured surfaces of samples were sprayed with a thin layer of gold 
for better imaging. To further observe the dispersion of SWCNTs in TPU 
matrix, transmission electron microscopy (TEM, HT-7700 electron mi-
croscope) measurements were also performed at an acceleration voltage 
of 100 kV. The samples were ultra-microtomed in liquid nitrogen with 
the thickness of 50–60 nm by a microtome (Leica EM Uc7). The me-
chanical property of TPU/SWCNTs composites were characterized on a 
universal testing machine (INSTRON5966, USA). The thermal response 
of TPU/SWCNTs composites was measured using a bench type digital 
multimeter (Keithley, DMM 7510, USA) coupled with a hot-stage 
polarizing microscope (INSTEC). To provide the IR light source, an IR 
lamp (Philips PAR38E, 0.76–5 μm, 150 W) was used, and the distance 
between the sample and the lamp was 25 cm. 

3. Results and discussion 

The TPU/SWCNTs composites with different SWCNT contents were 
fabricated by the facile method of solution blending assisted by ultra-
sonication with a sonication wand. The preparation process of TPU/ 
SWCNTs composites is illustrated in Fig. 1a. The obtained TPU/SWCNTs 
composites are highly flexible, which can be bent or twisted (Fig. 1b). 
Thereafter, the TPU/SWCNTs sensors can be easily prepared by loading 
the Cu electrodes onto the TPU/SWCNTs films. Compared to the sensors 
with delicate structure design, the sensors based on homogeneous TPU/ 
SWCNTs composites are more likely to prepare in large-scale. 

It is widely known that the dispersion of conductive fillers in polymer 
matrix is one of the critical parameters that dominate the mechanical 
and electrical properties. To visualize the dispersion of SWCNTs in TPU 
matrix, both TEM and SEM are applied, as shown in Fig. 2a–d and 
Fig. S1. Clearly, for the composites with 0.5 wt% or 1.0 wt% SWCNTs, 
SWCNTs are uniformly dispersed in TPU matrix. It is observed that the 
SWCNT network inside the TPU/SWCNTs composite with SWCNT con-
tent of 1.0 wt% is more perfect than that inside the TPU/SWCNTs 
composite with SWCNT content of 0.5 wt%. Mechanical properties of 
pure TPU and TPU/SWCNTs composites with different SWCNT contents 
are presented in Fig. 2e–g. Comparing with pure TPU, it is clear that the 
Young’s modulus of TPU/SWCNTs composites is increased due to the 
formation of CNTs networks in TPU matrix (Fig. 2e). Fig. 2f shows that 
the tensile strength of TPU/SWCNTs composites increases with 
increasing SWCNT content. When the loading of SWCNTs is higher than 
0.5 wt%, the tensile strength of TPU/SWCNTs composites decreases 
slightly with the further increase of SWCNT content because of the stress 
concentration resulting from the aggregation of SWCNTs in TPU matrix. 
For the elongation at break, it shows a slight decrease with the increase 
of SWCNT content (Fig. 2g). 

It has been reported that thermal annealing is beneficial to the sec-
ondary agglomeration of conductive fillers to further build-up the 
conductive networks, thus improving the electrical properties of CPCs 
[38–40]. In the current study, thermal annealing at 100 ◦C is employed 
to form the more perfect SWCNT conductive networks, which is 
conducive to enhance the stability of conductive networks under the 
subsequent temperature sensing process. For TPU/SWCNTs composites 
with different SWCNT contents, it is observed that the conductivity of 
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the composites is increased obviously after thermal annealing for 2 h, as 
shown in Fig. 3a. Thereafter, as the thermal annealing time is further 
increased, the conductivity of the composites remains almost un-
changed, indicating that 2 h thermal annealing is enough to form the 
perfect SWCNT conductive networks. Therefore, the thermal annealing 
time is fixed at 2h for all the composites. 

For most of CPCs-based temperature sensors composed of flexible 
polymer and inorganic conductive components, they normally exhibit a 
non-monotonic resistance-temperature dependence, i.e., a PTC effect 
before the Tg of the amorphous polymer matrix or the melting temper-
ature (Tm) of the crystalline polymer matrix and then an NTC effect after 
Tm or Tg. Before Tm or Tg, the expansion of the host polymer with 
increasing temperature will cause the break-up of conductive networks, 
thus leading to the increase in resistance of CPCs. Once the temperature 
exceeds Tm or Tg, however, conductive networks will be rebuilt, thus 
causing the decrease in resistance of CPCs with increasing temperature. 
Clearly, this non-monotonic resistance-temperature dependence of CPCs 
makes the materials hard to be practically applied as temperature sen-
sors. Therefore, it is desired to fabricate the monotonic PTC or NTC CPCs 
to design temperature sensors. SWCNTs with either metallic or semi- 
conductive character show a resistivity strictly dependent on tempera-
ture, i.e. the resistivity of SWCNTs decreases with increasing tempera-
ture, because the higher temperature excites electrons into the 

conduction band and facilitates intertube migration [41]. Therefore, 
TPU/SWCNTs composites may exhibit NTC effect with the increase of 
temperature, thus providing the possibility of TPU/SWCNTs composites 
to serve as a flexible temperature sensor. To evaluate the temperature 
sensing performance of TPU/SWCNTs composites-based sensor, the 
ΔR/R0 (ΔR = R-R0, R0 and R are the resistances of the sensor before and 
after thermal stimulus, respectively.) response of the sensors to the 
temperature in the range of 30–100 ◦C is recorded, as shown in Fig. 3b. 
As we expected, ΔR/R0 values of all the sensors decrease linearly as the 
temperature increases, exhibiting a linear NTC effect. From Fig. S2, it is 
worth to note that the linear fitting degree of ΔR/R0 vs temperature is 
higher than 0.99 for all the sensors. Moreover, it is obvious that the 
sensors with SWCNT contents of 0.25 wt% or 0.5 wt% show the more 
pronounced dependence of ΔR/R0 on temperature, exhibiting higher 
temperature sensitivity comparing to the sensors with SWCNT contents 
of 0.75 wt% or 1.0 wt%. In various previous works, it has been also 
reported that CPCs possessed higher sensitivity when their loading is 
more closed to the percolation threshold of the CPCs [33,41,42]. 

The reproducibility of thermal response is an inevitable requirement 
for the flexible temperature sensor. Therefore, the real-time response of 
the sensors with different SWCNT contents during the cyclic test of 
temperature between 30 and 40 ◦C is investigated (Fig. 3c). It is note-
worthy that the sensors with different SWCNT contents exhibit 

Fig. 1. (a) Schematic illustration for the preparation process of TPU/SWCNTs composites. (b) Digital photos of TPU/SWCNTs composite films with highly flexibility.  

Fig. 2. TEM images of TPU/SWCNTs composites with SWCNT contents of 0.5 wt% (a, b) and 1.0 wt% (c, d), respectively. Young’s modulus (e), tensile strength (f) 
and elongation at break (g) of TPU/SWCNTs composites as a function of SWCNT content. 
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completely reproducible resistance signals when the temperature 
switches between 30 and 40 ◦C. To further explore the reproducibility 
and durability of the TPU/SWCNTs sensors, we select TPU/SWCNTs 
sensor containing 0.5 wt% SWCNTs as an example to operate the cyclic 
test of temperature between 30 and 40 ◦C for 16 cycles, as shown in 
Fig. S3. Clearly, a reproducible resistance signal can be also achieved 
during numerous cyclic test of temperature change, indicating that the 
sensors possess remarkable reproducibility in thermosensation. 
Compared to the sensors with SWCNT contents of 0.75 wt% or 1.0 wt%, 
the sensors with SWCNT contents of 0.25 wt% or 0.5 wt% exhibit higher 
temperature sensitivity. Because the initial resistance of the TPU/ 
SWCNTs composite with SWCNT content of 0.25 wt% is too large, its 
resistances often exceed the measurement limit of the digit precision 
multimeter. Therefore, we select the sensor with SWCNT content of 0.5 
wt% as a representative to further investigate the reliability of thermal 
response in stepwise heating, variable speed heating, and bending 
deformation. Fig. 3d shows that the ΔR/R0 value of the sensor decreases 
with increasing temperature and then maintains at a certain value as the 
temperature momently stabilizes, indicating that the sensor can accu-
rately monitor the changes of temperature in real time. The ΔR/R0 re-
sponses of the sensor to the temperature in range of 35–40 ◦C at different 
heating rates are shown in Fig. 3e. It is clear that even at different 
heating rates, the amplitudes of ΔR/R0 values of the sensor are almost 
the same, which ensures the good reliability and accuracy for temper-
ature monitoring. Moreover, ΔR/R0 response of the sensor to the tem-
perature in the range of 30–40 ◦C before and after 200 times of bending 
is compared (Fig. 3f). It is worth to note that the thermal response of the 
sensor after repeated deformation is the same as that of the sensor before 
deformation. This indicates that repeated deformation has no effect on 
the temperature sensing performance of the sensor, which further en-
sures the reliability of the composite acted as a flexible temperature 
sensor. Furthermore, ΔR/R0 response to stepped temperature from 37 ◦C 
to 38 ◦C with an interval of 0.1 ◦C is investigated to evaluate the accu-
racy of the as-prepared sensor (Fig. S4). It is interesting to note that the 
sensor can accurately monitor a tiny temperature change as low to 0.1 ◦C 
in real time, indicating excellent detection accuracy of temperature. 

Attributed to the high sensing precision of TPU/SWCNTs sensor, it has 
great potential in the health monitoring. 

CNTs with sp2 hybrid bonds possess wideband optical absorption 
attributing to the wide distribution of various chiralities, which permits 
absorption of light of various wavelengths [43,44]. When light carries 
photons energy propagating along the direction of electromagnetic ra-
diation, the photon energy can be absorbed by CNTs if it is higher than 
the optical bandgap, thus leading to the photoexcitation of electrons. 
The energy of the excited electrons can be transferred to the lattice by 
electron-phonon coupling, which produces heat energy [45]. As a result, 
the TPU/SWCNTs sensor has the ability to convert IR into heat, causing 
the increase of temperature of the sample. Thus, in addition to thermal 
response, the TPU/SWCNTs sensors also have resistance response to IR 
owing to the excellent photo-thermal effect of SWCNTs. The ΔR/R0 
evolution of TPU/SWCNTs sensors with the illumination time is shown 
in Fig. 4a. Clearly, ΔR/R0 values of the sensor decrease as the illumi-
nation time increases because of the increasing temperature. By 
comparing the IR responses of the sensors with different SWCNT con-
tents, it is found that the sensor with lower SWCNT content exhibits 
higher IR sensitivity because of their different thermal dependence of 
the sensor. The photo-thermal effects of pure TPU and different 
TPU/SWCNTs sensors are compared in Fig. 4b and c. Obviously, the 
TPU/SWCNTs sensors exhibit more significant photo-thermal effect than 
the pure TPU. The higher the SWCNT content, the more remarkable the 
photo-thermal conversion ability. Attributing to the excellent 
photo-thermal effect, the TPU/SWCNTs sensors can be used to monitor 
the on and off of the IR lamp. It can be observed that the ΔR/R0 value 
abruptly decreases as the IR lamp turns on and then generally increases 
as the IR lamp turns off (Fig. 4d and e), exhibiting fast response and 
remarkable reproducibility to IR stimulus. Although the photo-thermal 
conversion effect of carbonaceous materials has been widely reported, 
it is the first time to utilize this mechanism to fabricate the smart sensor 
to detect the light irradiation by the electrical signals. 

Herein, some demonstration experiments are performed to further 
estimate the potential applications of the TPU/SWCNTs sensors as 
flexible temperature sensors in e-skins and personal healthcare 

Fig. 3. (a) Evolution of the conductivity of TPU/SWCNTs sensors with increasing thermal annealing time at 100 ◦C. (b) ΔR/R0 responses to the temperature in the 
range of 30–100 ◦C for TPU/SWCNTs sensors with different SWCNT contents. (c) Cyclic test of temperature between 30 and 40 ◦C for TPU/SWCNTs sensors with 
different SWCNT contents. (d) ΔR/R0 response to the stepped temperature from 35 ◦C to 40 ◦C with an interval of 0.5 ◦C for the TPU/SWCNTs sensor with SWCNT 
content of 0.5 wt%. (e) ΔR/R0 responses to temperature in the range of 35–40 ◦C under different heating rates for the TPU/SWCNTs sensor with SWCNT content of 
0.5 wt%. (f) ΔR/R0 responses of the TPU/SWCNTs sensor with SWCNT content of 0.5 wt% to the temperature in the range of 30–40 ◦C before and after 200 times 
of bending. 
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monitoring, as shown in Fig. 5. It is noteworthy that the sensor can 
monitor respiration (Fig. 5a and b). The ΔR/R0 value of the TPU/ 
SWCNTs sensor with SWCNT content of 0.5 wt% increases rapidly when 
the volunteer breathes in because of the decrease in temperature. Then, 
the ΔR/R0 value of the sensor decreases due to the increase in temper-
ature as the volunteer breathes out. Attributing to the high accuracy and 
sensitivity of thermal response, the sensor can further distinguish deep 
breathing from normal breathing according to the temperature differ-
ence. Utilizing the infrared imaging device, the changes in temperature 
during respiration of the volunteer are visualized in the illustrations of 
Fig. 5. Clearly, there are ca. 3–5 ◦C temperature difference between the 
breathing in and out, which can cause significant resistance signals. 
More interestingly, it is found that the sensor can realize non-contact 
temperature detection, as shown in Fig. 5c. When the sensor is 
approaching to a cup of ice water, the ΔR/R0 value gradually increases. 
Then, the ΔR/R0 value decreases as the sensor is close to a cup of hot 
water. This indicates that our sensor can “feel” the target temperature 
without contact. Furthermore, the composite can also be used for 
monitoring the inner temperature of a cellphone during the charging 
(Fig. 5d). It is observed that the temperature of the cellphone changes 
from 24.4 ◦C to 25.9 ◦C when the cellphone is charged for 39 s, which 
can be monitored in real time by the ΔR/R0 signal of the sensor attached 
onto the cellphone surface. Subsequently, ΔR/R0 value of the sensor 
continues to decrease with extending charging time due to the gradual 

increase in temperature. The ability of detecting the object temperature 
without contact is attributed to the thermal radiation as well as the high 
temperature sensitivity of the TPU/SWCNTs sensor. Besides, the photo- 
thermal effect of TPU/SWCNTs sensor can be intuitively observed 
through connecting the sensor with a light-emitting diode (LED) and 
irradiated by an IR lamp. Obviously, the LED gets brighter and brighter 
with increasing illumination time (Fig. S5) because the gradual increase 
of temperature of the sensor under IR leads to a decrease in resistance. 

4. Conclusion 

In summary, a flexible TPU/SWCNTs composites with both the linear 
negative temperature coefficient effect and photo-thermal effect is ob-
tained by the facile method of solution blending and the subsequent 
thermal annealing. The obtained composites can be designed into the 
flexible temperature sensors, exhibiting high accuracy (0.1 ◦C), excel-
lent reproducibility and high reliability (Deformation and heating rate 
have no effect on the thermal response of the composites.). Interestingly, 
it is found that the as-prepared TPU/SWCNTs sensors can achieve res-
piratory monitoring, cellphone charging time monitoring and non- 
contact temperature detection owing to the high accuracy and sensi-
tivity of thermosensation. Moreover, the sensors also possess resistance 
response to IR, thanks to the excellent photo-thermal effect of SWCNTs. 
The outstanding linear negative temperature coefficient effect and 

Fig. 4. (a) The evolution of ΔR/R0 with illumina-
tion time for TPU/SWCNTs sensors with SWCNT 
contents of 0.5 wt% and 1.0 wt%, respectively (b) 
Surface temperature of TPU/SWCNTs sensors with 
different SWCNT contents before and after IR illu-
mination for 60 s. (c) Infrared images of TPU/ 
SWCNTs sensors with SWCNT contents of 0 wt%, 
0.5 wt% and 1.0 wt%, showing the evolution of the 
surface temperature with increasing illumination 
time. Cyclic monitoring of IR for the TPU/SWCNTs 
sensors with SWCNT contents of 0.5 wt% (d) and 
1.0 wt% (e), respectively.   
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photo-thermal effect endow the flexible TPU/SWCNTs sensors with 
tremendous potentials in e-skin and personal healthcare monitoring. 
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