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V2O5 nanowires coated yarn based temperature 
sensor with wireless data transfer for smart textiles

Gaurav Khandelwal1, Abhishek Singh Dahiya1, Ajay Beniwal1 and Ravinder Dahiya2*, Fellow, IEEE 

Abstract—Smart textile with capabilities to sense different 
stimuli like temperature, pressure etc. are of considerable interest 
in applications such as sports, fashion, healthcare and robotics etc. 
The seamless integration of various sensors is desired for effective 
use of smart textiles in these applications. To this end, here, we 
present a yarn based wireless temperature sensor developed by 
modifying a P(VDF-TrFE) coated stainless steel yarn with 
vanadium pentoxide (V2O5) nanowires (NWs). The current-
voltage (I-V) characteristics and the temperature sensing 
performance of the devices are evaluated between 5-50°C with a 
step increase of 5°C. The unpacked device exhibits a sensitivity of 
3.7 %/°C with a response time of 9s. The device is encapsulated 
with nanosilica/epoxy polymeric layer and its influence on sensors 
performance is also analyzed. After encapsulation, the device 
showed more linear response, but with slightly reduced sensitivity 
of 2.18 %/°C. Moreover, the effect of mechanical bending cycles 
on sensing performance of packaged device is studied. The sensor 
showed linear response even after 2000 bending cycles, but 
sensitivity was reduced to 1.257%/°C. Finally, the temperature 
sensor data is wirelessly transferred to demonstrate the potential 
use of developed sensors in above applications.  

Index Terms— Fiber electronics, nanowires, smart textile, 
temperature sensor, vanadium pentoxide, yarn sensor.  

I. INTRODUCTION
HE interactive textiles with soft electronic devices in 
fabric or textile form factor (generally termed as ‘e-
textiles’) are being explored to capture opportunities in 

several emerging applications such as internet of things (IoT), 
digital health monitoring, fashion industry etc. [1-5]. For 
example, smart textiles with sensing and therapeutic 
capabilities could sense vital health parameters such as 
temperature, blood pressure, heartbeat, and breath rate etc. and 
could help develop novel approaches for personalized digital 
healthcare [6-13]. The above applications require textiles to 
have different sensory functionalities without sacrificing 
wearer’s comfort and normal working. 

The smart or e-textiles today uses thin film based devices or 
off-the-shelf sensors attached to the fabrics [14]. However, the 
integration of such sensors in yarns is either not possible (e.g., 

 This work was supported by the Engineering and Physical Sciences Research 
Council through NextGenT-TENG Standard Grant (EP/V003380/1). 
(Corresponding author: Ravinder Dahiya).  
G. Khandelwal, A. S. Dahiya, A. Beniwal are with the James Watt School of
Engineering, University of Glasgow, Glasgow G12 8QQ, U.K.

industrial textile techniques like braiding, knitting and weaving 
etc. are not compatible) or involves a complex process at the 
risk of damaging the yarn. Further, these sensors have limited 
flexibility, poor aesthetics and they cannot adjust with the 
biomechanical motions, eventually leading to discomfort for 
the wearer. Such challenges can be overcome through textile-
printing technique i.e., direct printing of functional materials on 
the textile substrates [10, 15, 16]. Whilst this is better than 
stitching off-the-shelf stiff components, this approach is still a 
step away from a seamless integration of functionalities and the 
type of printed devices are limited by availability of functional 
inks that are difficult to re-use and wash. In this regard, the 
fiber-coating technique to coat functional materials on the pre-
fabricated fibers offers better solutions and hence fiber-based 
wearable devices have been reported for various functionalities 
[17-20]. However, use of fibers for the development of sensor 
could damage the surface structures during weaving or knitting 
leading to a poor sensor response. In this regard, yarn composed 
of interlocked fibers can be a better starting point to design 
sensors for smart or e-textiles. Yarn can undergo weaving, 
knitting or braiding while offering low complexity, ease of 
modification and integration [17]. Thus, compared to fibers, the 
yarns offer lower complexity. The advances in nanomaterials, 
and surface functionalization methods also provide opportunity 
to develop yarns with unique properties to sense different 
parameters such as humidity, temperature, strain and light etc. 
[21, 22].  

In this work, we present a flexible yarn-based temperature 
sensor developed by modifying a P(VDF-TrFE) coated 
stainless steel yarn with vanadium pentoxide (V2O5) nanowires 
(NWs). Such yarn-based temperature sensors are useful for 
unobtrusive monitoring of body temperature, which is vital for 
detection of fever, infection, diabetic foot ulcers and other 
conditions such as homeostasis etc. [23-27]. The flexibility of 
yarn-based temperature sensor allows conformal contact with 
non-planar surface of skin and hence could improve the 
reliability of measured data and the response and recovery 
times. The work presented in this paper extends our preliminary 
results presented at IEEE International Conference on Flexible 
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and Printable Sensors and Systems (FLEPS) 2022 [28]. The 
preliminary results describe the sensors fabrication by 
controlled adherence of high density V2O5 nanowires on 
modified stainless-steel (SS) yarn. The sensor exhibited an 
excellent sensitivity of 3.7 %/°C in the temperature range of 5-
50°C with a response time of 9s. We extend our previous work 
by studying the structural and morphological properties of the 
sensing material, influence of packaging and bending on the 
sensor performance. Finally, we also demonstrate wireless 
temperature sensing using the SoC based Wi-Fi module in this 
extension. 

This paper is organized as follows: Section II presents state-
of-the-art of flexible and yarn-based temperature sensors. 
Section III describes the experimental procedures, device 
fabrication and characterisation techniques. Section IV presents 
the detailed discussion on the results of the study. Section V 
summarizes the key outcomes of the study. 

II. STATE-OF-THE-ART 
Textile based temperature sensors uses non-fibrous 

materials, conductive fibers, carbon-based fibers and 
temperature sensitive fiber. However, yarns are not explored 
much for temperature sensors [29]. These include, the yarn-
based temperature sensors designed by integrating a thin film 
flexible sensor within a textile yarn [24]. For thin film-based 
temperature sensor, different organic, inorganic, metallic, 
hybrid materials and their composites including carbon 
nanotube (CNT), Nickel (Ni), graphene and PEDOT: PSS etc. 
have been explored [30-34]. The metallic materials are 
expensive and composites exhibits large hysteresis and high 
response time. Further, the latter suffer from issues such as 
difficulties in getting stable dispersion formation. Embedding 
such flexible sensors in yarn restricts their direct contact with 
the measurement surface, thus leading to high response and 
recovery time due to thermal resistance and restricted flow of 
heat [24]. In this regard, the one-dimensional (1-D) 
semiconducting materials like vanadium pentoxide (V2O5) 
NWs offer better alternative for temperature sensing. Their 
attractive properties include high crystallinity, high surface area 
to volume ratio, ease of synthesis and small activation energy 
[35-37]. The modification of yarn with such heat sensitive 
material is an enticing approach with no trade-off between 
flexibility and performance of the temperature sensor.  

III. EXPERIMENTAL SECTION 

A. Materials 
The hundreds of micrometres long V2O5 NWs, with 50-80 

nm diameter, were purchased from Novarials corporation. 
Polyvinylidene fluoride trifluoroethylene P(VDF-TrFE), 
Piezotech FC30 was purchased from Arkema group. SS yarn 
was purchased from Pimoroni Ltd. 

B. Fabrication of V2O5 NW network on SS yarn 
The mechanical stability and durability of the SS yarn was 

enhanced by coating a thin layer of P(VDF-TrFE). The 0.5 
wt.% of V2O5 NWs were dispersed in deionized (DI) water. The 

P(VDF-TrFE) coated SS yarn was placed vertically in beaker 
containing the NW dispersion. Then the V2O5 NW network was 
allowed to form on the yarn by slow and controlled evaporation 
of water at 70 °C. The V2O5 NW network was formed on the 
yarn by Van der Waals interactions. The unattached NWs were 
removed by washing the yarn with DI water. Finally, for device 
measurement, two copper wires were attached on the yarn 
(using silver epoxy paste) to form a channel of 1.25 mm.  

C. Material characterization 
X-ray diffraction was taken on P’Analytical X’Pert with Cu 

Ka (l = 1.541 Å). Bruker Vertex 70 spectrometer was used to 
collect the Fourier transform infrared spectroscopy (FT-IR) 
spectra. The FEI Nova Field-emission scanning electron 
microscope (FE-SEM) was used to capture the morphology of 
the uncoated and V2O5 NW coated yarns.  

D. Device characterization 
The yarn-based temperature sensor was placed on a Peltier 

stage (LinkPad, Linkam scientific instruments ltd.). The stage 
was operated at a ramp rate of 10 °C/min to achieve the desired 
temperatures. The current profile of the device was measured 
using a source measuring unit (B2912A, Keysight instruments). 

IV. RESULTS AND DISCUSSIONS 

A. Structural and morphological characterization 
Fig. 1a shows the XRD spectra of V2O5 NWs. The diffraction 

peaks at 2theta 15.2°, 20.2°, 26, 31° and 34° corresponds to 
(200), (001), (110), (301) and (310) planes, respectively. This 
confirms the orthorhombic crystal structure of V2O5 NWs. 
However, the small shoulder peak at 25.2° also shows the 
presence of V2O5 NWs, although in small amount, having 
tetragonal crystal structure [38]. Fig. 1b shows the FT-IR 
spectra of V2O5 NWs. The peak at 742 cm-1 is attributed to V-
O stretching vibrational mode. The peak at ~1004 cm-1 is from 
the terminal stretching of oxygen in V=O bond [39]. Fig. 1c and 

 
Fig. 1 (a) XRD spectra of V2O5 nanowires (NWs). (b) FT-IR spectra of V2O5 
NWs. Surface morphology of (c) yarn and (d) yarn coated with V2O5 NWs. 
 



3 
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

1d show the surface morphology of yarn and that of the yarn 
coated with NWs. The yarn is composed of interconnected 
fibers in the diameter range of 20-25 µm. The FE-SEM 
confirms the presence of dense V2O5 NW network on the yarn. 
The NWs are in the diameter range of 50-80 nm and hundreds 
of microns in length. 

B. Fabrication of yarn-based temperature sensor 
Fig. 2a shows the simple approach for the fabrication of the 

yarn-based temperature sensor. Firstly, a thin layer of P(VDF-
TrFE) was coated on yarn via dip coating and dried at 80°C. 

Followed by this, the yarn was dipped in a beaker containing 
V2O5 NWs dispersion. A yarn of 15 cm was obtained in a single 
dipping cycle. The controlled evaporation and uniform 
dispersion are vital for the formation of dense V2O5 NW 
network on the yarn. Such developed yarns can be weaved into 
fabric for designing e-textiles.   

C. Electrical characterization of yarn-based temperature 
sensor 

A voltage sweep from -1 V to 1 V was applied at different 
temperatures to identify the type of metal-semiconductor (MS) 
contact formed. The I-V characteristics of the device are shown 
in Fig. 3a. The linear variation in the current with the applied 
voltage at different temperatures confirms the ohmic contact 
formation [40]. Further, the V2O5 NWs maintain a stable 
network on yarn in the measured temperature range. The linear 
increase in current discloses the decrease in resistance and 
improve in conductivity at higher temperatures.  

The conductivity improvement at higher temperatures can be 
attributed to the electron hopping between V5+ and V4+ impurity 
centers in V2O5 [35]. The electrical conductivity of transition 
metal oxides proposed by Mott was used to extract the 

 
Fig. 2 Fabrication process flow for the yarn-based temperature sensor for smart 
textiles. 

 
Fig. 3 Device characterization. (a) Temperature dependent electrical (I-V) transport properties of V2O5 NWs network on SS yarn. (b) Plot of ln (Id) versus 1/kBT 
(data extracted from the I-V results shown in figure panel (a). (c) Stepwise current profile with an increase of 5 °C in the temperature from 5 to 50 °C, and (d) 
response of the sensor and linear fitting. 
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activation energy from the I-V curve [41]. The conductivity is 
given by: 
 

𝜎 = #
𝜗!𝑒"𝐶(1 − 𝐶)

𝑘𝑇𝑅 . exp(−2𝛼𝑅) exp(−
𝑊
𝑘𝑇) 

where ϑ0 is a phonon frequency, C the concentration ratio V4+/ 
(V4++V5+), T is the temperature, R the average hopping 
distance, α is the rate of wave function decay and W is the 
activation energy. The data is extracted from Fig. 3a for 
Arrhenius plot and further used for the extraction of activation 
energy as shown in Fig. 3b. The yarn-based temperature sensor 
showed an activation energy of ~0.15 eV which is comparable 
to the previously reported multi-NW network and thin film-
based temperature sensors [42, 43]. The activation energy is 
related to the NW network formation. The NW network 
influences the metal-semiconductor contact and electron 
scattering. The formation of excellent network of NWs and 
ohmic contact leads to a low-activation energy. An increment 
of 5°C was carried out first in lower temperature range (5-25°C) 
and then in higher temperature range (25-50°C) to observe the 
stepwise change in the current profile of the yarn-based 

temperature sensor. The designed temperature sensor can work 
in the temperature range of 5-50 °C, thus limited for the 
applications like human body temperature monitoring, green 
house monitoring. 

Fig. 3c shows the yarn-based temperature sensors 
characteristics with increase and decrease in temperature. The 
current shows an excellent detectable variation with 5°C rise in 
the temperature. Fig. 3d plots the response versus temperature 
to evaluate the linear working range of the sensor. The 
degradation in sensors performance below 10°C was due to the 
condensation of water on the surface of yarn-based temperature 
sensor [37].  

The percentage response of the sensor is defined as the 
#!$#"
#"

∗
100	, where If is the final current (after increasing the 
temperature) and Ii is the initial current (baseline). The sensor 
showed outstanding linear response with a coefficient of 
linearity (R2) of 0.99 in the temperature range of 10-50 °C. The 
observed sensitivity in the temperature range was 3.7 %/°C. The 
high sensitivity of the sensor can be due to (i) formation of high 
density of V2O5 NW network on modified SS yarn, (ii) 
excellent electron hoping ability of the V2O5 NWs and (iii) low 
activation energy [44, 45]. 

The stepwise increase and decrease of the current profile 
were further used to find the hysteresis of the device. Fig. 4a 
depicts the hysteresis profile of the temperature sensor. The 
data showed significant hysteresis which can be attributed to 
moisture condensation happening at low temperature as 
mentioned earlier. Additionally, the wide hysteresis can also be 
due to the measurement conditions as the yarn was heated from 
the bottom and the change in current was measured from the top 
surface causing slow heating and fast cooling. The response 

 
Fig. 4 Performance of the temperature sensor. (a) Hysteresis profile of the 
sensor with cyclic heating and cooling. (b) Response time of the sensor when 
heated at 50 °C. 
 

 
Fig. 5 (a) Stepwise current profile with an increase of 5 °C in the temperature from 5 to 50 °C after device packaging. (b) Cycling heating and cooling from 5 °C 
to 50 °C. Response of the sensor corresponding to (c) measurement cycle 1, (d) measurement cycle 2 and (e) measurement cycle 3 shown in figure (a). 
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time is vital consideration for real-time device application.  
The response time of the sensor is defined as the time taken 

by the sensor to reach a 90% value of the stabilised measuring 
parameter at the given temperature [46]. Thus, response time of 
the sensor was measured by performing cyclic heating and 
cooling of the device. The temperature sensor was brought from 
room temperature to a preheated hot plate (50°C) and back to 
room temperature. The yarn-based temperature sensor showed 
a response time of ~9 s with high recovery time of ~70 s (Fig. 
4b). Table I shows the comparison of yarn-based temperature 
sensor with sensor fabricated with other sensing materials. 
 

TABLE I 
PERFORMANCE COMPARISON OF STAINLESS-STEEL 

YARN/V2O5 NWS-BASED TEMPERATURE SENSOR WITH OTHER 
STATE-OF-THE-ART HEAT SENSITIVE MATERIALS.  

Sensing materials Sensitivity 
(%C-1) 

Response 
time (s) 

Recovery 
time (s) 

Ref. 

rGO/PET 0.635 1.2 ~3 [47] 
PEDOT: PSS/ 
CNTs/PET 

0.85 < 0.05 N/A [47] 

Ag/PI 0.22 N/A N/A [48] 
Graphene/PDMS -1.05 N/A ~20 [49] 
V2O5 NWs/SS 3.7 ~9 >60 This 

work 
 

Device packaging is crucial for smart or e-textile for better 
durability and stability during bending motions and washing. 
To this end, we coated the device with a thin layer of 
nanosilica/epoxy [37]. Fig. 5a shows the change in the current 
profile with a stepwise temperature increase of 5°C (5°C - 50 
°C) for three cycles. The three cycles have significant variations 
in the current values. However, Fig. 5b shows repeatability of 
the device when heated from 5 °C to 50 °C for different cycles. 
The temperature sensor returns to same current value after 
multiple cyclic heating and cooling. The data from cyclic 
measurements (Fig. 5a) at different temperature values is used 
to measure the linear response and sensitivity of the device after 
packaging. Fig. 5c-e show the linear response of the device 
corresponding to three different cycles shows in Fig. 5a. All 
three cycles maintained an excellent linearity in the temperature 
range of 10°C to 50 °C with sensitivity of 2.18 %/°C (Cycle 1), 
2.18 %/°C (Cycle 2) and 2.43 %/°C (Cycle 3). Despite of 

variations in the current values, all three measurement cycles in 
Fig. 5a showed similar sensitivity. The device showed obvious 
decrement in the sensitivity compared to the unpacked device. 

The textile undergoes numerous cycles of bending during 
human motions. The sensor should remain stable during such 
bending or deformation of the textile. To confirm the 
mechanical robustness, the temperature sensor was subjected to 
2000 bending cycles at a bending radius of 25 mm. The bending 
mechanical loadings were applied using Yuasa endurance 
testing system and subsequently, the electrical measurements 
were made. Fig. 6a shows the stepwise current profile of the 
temperature sensor after 2000 bending cycles. Fig. 6b and 6c 
depicts the sensors response corresponding to two cycles shown 
in Fig. 6a. The response of the device corresponding to 
measurement cycle one showed poor linearity compared to 
measurement cycle 2. However, the sensor showed better 
sensitivity corresponding to measurement cycle 1 (1.45 %/°C) 
compared to that of measurement cycle 2 (1.257 %/°C). The 
significant decrement in the sensors response after bending may 

 
Fig. 6 (a) Stepwise current profile with an increase of 5 °C in the temperature from 5 to 50 °C after device bending for 2000 cycles. Response of the device after 
bending corresponding to (b) measurement cycle 1 and (c) measurement cycle 2 shown in figure (a). 
 

 
Fig. 7 (a) Real time temperature sensing system. (b) Real time monitored data 
displayed using temperature vs time graph in temperature range 25 ˚C to 50 ˚C. 
(c) Mobile phone screen displaying temperature vs time graph, numeric 
representation of temperature and geographical location of the data 
measurement point. 
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be due to the cracks in silver epoxy used for the contacts. 
Nevertheless, even after bending for 2000 cycles the fabricated 
sensor shows better sensitivity compared to the others shown in 
Table I. 

D. Wireless data transfer 
The real time temperature sensing was performed using the 

Node Micro Controller Unit (MCU) platform. The real time 
monitoring set-up for temperature sensing and monitoring, as 
shown in the Fig. 7a, consists of V2O5 NWs coated yarn-based 
temperature sensor, Peltier stage to set the desired temperature, 
mobile phone for real time data monitoring, signal processing 
unit and a 32-bit microcontroller with SoC based Wi-Fi module 
(ESP8266) with a ~3V supply to power the system. The design 
parameter for real time monitoring system includes stable and 
repeatable change in the electrical parameter of the developed 
sensor with temperature to predict the respective temperature 
levels. To monitor the change in temperature, software module 
was written in Arduino Software (IDE) and embedded C 
programming language is used to develop the control code. The 
generated source code was uploaded to microcontroller unit, 
after which the real time monitoring system was ready for 
temperature monitoring with a delay of ~15 seconds. 
ThingSpeak, an IoT analytics platform was used for acquisition 
and visualization of the live data streams (within the cloud 
display). The temperature response of the developed sensor was 
monitored in 25 ˚C to 50 ˚C range with step changes. The real 
time monitored data is displayed using temperature vs time 
graph in Fig. 7b. Further, the front-end visualization observed 
on smartphone display is shown in Fig. 7c, which displays the 
monitored temperature in real time along with the geographical 
location of the measurement spot. 

V. CONCLUSION 
In summary, we fabricated a flexible yarn-based temperature 

sensor using V2O5 NWs as sensing material. The effect of 
device packaging and bending on the sensor’s performance was 
studied. The sensor exhibited linear response after packaging 
and bending but the sensitivity of the sensor reduced from 3.7 
%/°C (unpacked) to 2.18 %/°C (encapsulated) to 1.257 %/°C 
after bending. The change in temperature was monitored using 
the yarn-based sensor and transferred wirelessly to a mobile 
device using a microcontroller. The present work demonstrates 
the potential of using yarn as a flexible temperature sensor that 
can be used to realize smart textile for wearable and healthcare 
applications.  
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