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Abstract — Integration of sensors with antennas is
becoming popular for compact high-performance wireless
sensing systems. In this direction, here we present a silver
electrodes and Poly(3,4-ethylenedioxythiophene:polystyrene
(PEDOT:PSS) based printed temperature sensor on a flexible
PVC substrate. The temperature sensor was characterised
using a digital multimeter for a temperature range from 25°C
to 90°C. The sensor showed a 70% change in resistance for
the tested temperature range. Further, the sensing part was
integrated with a Near Field Communication (NFC) tag with
the data obtained semi-quantitatively by means of the
intensity of an Light Emittign Diode (LED) connected with
the antenna system. In this case, the antenna works as an
energy harvester to power an LED indicator connected in
series to the resistive temperature sensor. The intensity of the
LED, which varies with the increase of temperature, was
measured using a lux-meter mobile application. The intensity
at 70°C was ~42 lux whereas it decreased down to ~14 lux at
room temperature (~25°C). The presented system showed
potential use as a smart label in applications requiring
temperature monitoring.
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l. INTRODUCTION

Smart sensors are essential parts of smart factories, serving
as the interface between the digital and physical worlds. They
are the drivers of Industry 4.0 and the Internet of Things (IoT)
in factories and workplaces[1, 2]. The combination of
sophisticated sensors, increased computational power and
wireless connectivity, increasingly, by 5G networks, will
enable new ways to analyze data and gain actionable insights
to improve many areas of operations. As a result, significant
progress has been made in the direction towards development
of sensors for various applications such as environmental,
biomedical, and security [3-5]. To this end, the advances in
nanotechnology and printed electronics have unlocked
interesting avenues for using various functional material to
develop wearable and flexible sensors[6, 7]. As a result,
several sensors such as sweat [8, 9], pressure[10, 11],
temperature [12-14], pH [15], volatile organic compounds [16,
17] and biomarkers [18, 19] for environmental and healthcare
monitoring [20, 21] have been reported in the literature.

Among various physical sensors, the temperature sensors
have attracted much attention in healthcare and industrial
applications. The conventional temperature sensors are made
of semiconductors [22, 23], carbon derivatives [12, 24, 25]

and temperature-sensitive materials. Conductive polymers
have also attracted significant attention for temperature
sensing, owing to their ease of processing and excellent
electrical properties [26]. However, the polymers suffer from
low stability at high temperature. PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene:polystyrene) is one of the most stable
organic conductive polymers and it exhibits electrical
properties similar to a metal or semiconductor [27, 28]. This
material is suitable for fabricating temperature sensors on
flexible substrates and with high-temperature range. The
choice of flexible substrate depends on the specific
application. For example, Polyvinyl Chloride (PVC) has been
reported in literature due to its sufficient thermal stabilityfor
applications such as food packaging.

Although several types of temperature sensors have been
developed in recent years, the printed temperature sensors
integrated with the wireless interface is attractive for wearable
devices. Among various wireless technologies for the reading
and transmission of sensor data, the radiofrequency
identification (RFID) and near field communication (NFC)
have been widely used as the technologies for the
development of sensing tags [29-31]. In particular, NFC
technology provides a safe and convenient communication
method for end-users to check the quality of packed items
simply by scanning printed smart labels with a smartphone
(e.g. for food packaging applications). Herein, we report the
development of printed temperature sensor integrated with a
custom-designed NFC platform and an LED indicator to
visually detect the temperature variations. Significant change
of the LED’s light intensity has been observed with
temperature variations.

This paper is organized as follows: The design and
fabrication of NFC and temperature sensor and their
characterisation are described in Section Il. The experimental
results are presented in Section Il and finally the results are
summarized in Section IV.

Il.  DESIGN AND FABRICATION

A. Materials

Commercial PVC sheet, used here as substrate, was
purchased from the local vendor. Silver Conductive Paste was
procured from RS Components, UK and the conductive
polymer PEDOT:PSS was procured from Sigma Aldrich, UK.
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Fig. 1. Schematic diagram of the developed system for temperature
detection including the NFC tag, reader and sensing module.

B. NFC tag design and fabrication

The chosen NFC chip was the model RF430FRL154H
from Texas Instruments (Dallas, Texas, USA), which operates
in a High Frequency (HF) band (i.e. 13.56 MHz). With an
adequate external RF electromagnetic field from an RFID
reader, this chip can provide a regulated output voltage of ~2
V with an output current up to 500 pA. This harvested energy
is enough to power a visual LED indicator. A TRF7970A from
Texas Instruments was used as the reader. The custom antenna
consists of a PCB planar coil whose inductance value was
designed to achieve resonance at 13.56 MHz, considering the
internal capacitor value (Cin) of the RF430FRL154H chip at
that frequency. Since resonance is achieved at w, = 1/VLC
and Cin~35 pF at 13.56 MHz, the required inductance value is
L~3.9 uH. However, to reduce the antenna dimensions, a 1.8
uH squared planar inductor was designed with N = 7 turns
with 500 um as conductor width as well as the interspacing
between the lines and overall dimensions of 29 mm? To
complete the resonant circuit, an external capacitor of Ceyx = 40
pF was placed in parallel to Cin. The tag was fabricated on
FR4 substrate using a mechanical milling machine model
ProtoMat S103 (LPKF Laser & Electronics AG, Garbsen,
Germany).

C. Sensor design and fabrication

The sensor was fabricated using the conductive silver
paste/ink (RS 186-3600) on a commercial PVC substrate.
Figure 2(a) shows the schematic diagram of the sensor
fabrication steps on PVC substrate. The PVC was cut into 2 cm
x 2 cm pieces and two electrodes were printed on the flexible
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Fig. 2: (a) Fabrication steps; (b) schematics of sensor integrated with
NFC antenna; and the (c) experimental set-up.

PVC substrate using silver paste as illustrated in Figure 2(a).
The samples were then dried in a hot-air oven at 50 °C for 30
mins. A 2 mm gap was maintained in the middle of two
electrodes. Further, a 10 ul of PEDOT:PSS was dispensed in
the 2 mm gap using a micro-pipette. The samples were further
dried at 50 °C for 1 hr inside an air-oven. Thereafter, the
samples were electrically characterised to evaluate their
response. The sensor was then integrated with the NFC antenna
as shown in Figure 2(b).

D. Characterization

The experiment was carried out using a temperature
controllable hotplate (Stuart CD162). A high-precision IR
thermometer (FLUKE 62 MAX) was used to monitor the
temperature while performing the experiments. The sensor was
placed above the hotplate and was connected to a digital
multimeter (Agilent), as shown in Figure 2(c). The experiments
were performed at ambient condition and the temperature of
the probe was also monitored during the experiments.
Thereafter the temperature of the hotplate was increased to the
desired value and the resistance value corresponding to that
temperature was recorded. The actual temperature on the
sensor was recorded using the mentioned IR thermometer.

Ill.  TEMPERATURE SENSING

PEDOT:PSS is sensitive to the temperature. The rise in
temperature increases the rate of carrier mobility in the
material and thus the resistance decreases [28]. The printed
PEDOT:PSS element was tested for temperature sensing. A
temperature sensing sample was prepared separately on PVC
substrate with PEDOT:PSS having two silver electrodes. The
sensing sample was then characterized using LabVIEW
enabled digital multimeter and heating arrangement, i.e. a
hotplate having digital display control as shown in Figure 2(c).
The temperature-sensitive PEDOT:PSS with two Ag electrode
was placed on the digital hotplate and the temperature was
varied from 25 to 90° C. The resistance was found to be
decreasing with the increase in temperature as illustrated in
Figure 3. The sensor was given some time to saturate before
the temperature of the underneath hotplate was increased to a
higher value. The sensor was exposed to different temperature
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Fig. 3: Temperature sensor response.



change in R/R, with temperature.

Further, the sensor was connected to the designed NFC
antenna system. Figure 4 shows the circuit and the system
associated with the semi-quantitative temperature measuring
set-up. The set-up consists of the custom-made NFC tag, the
temperature sensor, and an NFC reader. In this case, the NFC
tag was used to power the LED indicator which is connected
in series with the temperature sensor. The temperature sensor,
in this case, is resistive and thus the resistance of the same
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Fig. 4: (a) Photograph of NFC tag system along with reader,
including the optical images of the LED for extreme temperature
conditions. The rigid tag version and the schematic of the flexible
are also shown; (b) schematic illustration of sensing tag using a lux-
meter mobile application; and (c) the intensity of indicator at
different temperatures.

decreases with the increase in temperature value. Therefore, in
the presence of the NFC reader, the LED glows with different
intensities based on the resistance of the temperature sensor, as
shown in Figure 4(a). Currently a rigid NFC tag is used,
although we plan to extend this work further to develop a
flexible version. Figure 4(b) shows a schematic illustration of
the sensing tag using a lux-meter mobile application, while
Figure 4(c) shows the intensity of indicator at different
temperatures. The intensity at 70°C was ~42 lux whereas the
intensity decreased down to was ~14 lux at room temperature
(~25°C).

IV. CONCLUSIONS

In this paper, PEDOT:PSS based temperature sensor
integrated with an NFC system is presented. The temperature
sensor was characterized using digital multimeter for a
temperature range from 25°C to 90°C. The sensor showed a
70% change in resistance for a temperature change of ~60°C.
The sensing part was further integrated with an NFC antenna
and the temperature was obtained semi-quantitatively by means
of the intensity of LED connected with the antenna system. The
NFC antenna resonates at ~13.56 MHz and can be operated
using any NFC enabled smartphone. This wireless-enabled
temperature sensor can be used as a smart label in packaging
applications. This work can further be extended to develop a
fully flexible smart label with detailed analysis.

ACKNOLEDGEMENTS

This work was supported in North West Centre for
Advanced Manufacturing (NW CAM) project supported by the
European Union’s INTERREG VA Programme (H2020-
Intereg-1VA5055), managed by the Special EU Programmes
Body (SEUPB). The views and opinions in this document do
not necessarily reflect those of SEUPB.

Note: *Corresponding author, 1 Equal contributions



(1]

(2]

(3]

(4]

(5]
(6]

(7]

(8l

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

R. Dahiya, D. Akinwande, and J. S. Chang, "Flexible Electronic Skin:
From Humanoids to Humans," Proc. of the IEEE, vol. 107, pp. 2011-
2015, 2019.

R. Dahiya, N. Yogeswaran, F. Liu, L. Manjakkal, E. Burdet, V.
Hayward, and H. Jorntell, "Large-Area Soft e-Skin: The Challenges
Beyond Sensor Designs," Proc. of the IEEE, vol. 107, pp. 2016-2033,
2019.

J. E. Lopez-Barriguete, T. Isoshima, and E. Bucio, "Development and
characterization of thermal responsivehydrogel films for biomedical
sensor application," Mate. Res. Express, vol. 5, p. 045703, 2018.

L. Manjakkal, D. Szwagierczak, and R. Dahiya, "Metal oxides based
electrochemical pH sensors: Current progress and future perspectives,"
Prog. Mater. Sci., vol. 109, p. 100635, 2020.

L. Manjakkal, S. Dervin, and R. Dahiya, "Flexible potentiometric pH
sensors for wearable systems," RSC Adv., vol. 10, pp. 8594-8617, 2020.

L. Manjakkal, A. Pullanchiyodan, N. Yogeswaran, E. S. Hosseini, and
R. Dahiya, "Wearable Supercapacitor based on Conductive PEDOT:
PSS Coated Cloth and Sweat Electrolyte (Accepted)," Adv. Mat., 2020.

A. Pullanchiyodan, L. Manjakkal, S. Dervin, D. Shakthivel, and R.
Dahiya, "Metal Coated Conductive Fabrics with Graphite Electrodes and
Biocompatible Gel Electrolyte for a Wearable Supercapacitors
(Accepted)," Adv. Mat. Technol., 2020.

W. Dang, L. Manjakkal, W. T. Navaraj, L. Lorenzelli, V. Vinciguerra,
and R. Dahiya, "Stretchable wireless system for sweat pH monitoring,"
Biosens. Bioelectron., vol. 107, pp. 192-202, 2018/06/01/ 2018.

J. H. Yoon, S.-M. Kim, Y. Eom, J. M. Koo, H.-W. Cho, T. J. Lee, K. G.
Lee, H. J. Park, Y. K. Kim, and H.-J. Yoo, "Extremely Fast Self-
Healable Bio-Based Supramolecular Polymer for Wearable Real-Time
Sweat-Monitoring Sensor,” ACS Appl. Mater. Interf., vol. 11, pp.
46165-46175, 2019.

E. S. Hosseini, L. Manjakkal, D. Shakthivel, and R. Dahiya, "Glycine—
Chitosan-Based Flexible Biodegradable Piezoelectric Pressure Sensor,"
ACS Appl. Mater. Interf., vol. 12, pp. 9008-9016, 2020.

N. Yogeswaran, W. T. Navaraj, S. Gupta, F. Liu, V. Vinciguerra, L.
Lorenzelli, and R. Dahiya, "Piezoelectric graphene field effect transistor
pressure sensors for tactile sensing,” Appl. Phys. Lett., vol. 113, p.
014102, 2018.

M. Soni, M. Bhattacharjee, L. Manjakkal, and R. Dahiya, "Printed
Temperature Sensor based on Graphene Oxide/PEDOT:PSS," in 2019
IEEE International Conference on Flexible and Printable Sensors and
Systems (FLEPS), 2019, pp. 1-3.

Y. Yamamoto, D. Yamamoto, M. Takada, H. Naito, T. Arie, S. Akita,
and K. Takei, "Efficient skin temperature sensor and stable gel - less
sticky ECG sensor for a wearable flexible healthcare patch," Adv.
healthcare mater., vol. 6, p. 1700495, 2017.

M. Soni, M. Bhattacharjee, M. Ntagios, and R. Dahiya, "Printed
Temperature Sensor Based on PEDOT:PSS - Graphene Oxide
Composite," IEEE Sensors J., pp. 1-1, 2020.

L. Manjakkal, W. Dang, N. Yogeswaran, and R. Dahiya, "Textile-Based
Potentiometric Electrochemical pH Sensor for Wearable Applications,"”
Biosensors, vol. 9, p. 14, 2019.

M. Bhattacharjee, V. Pasumarthi, J. Chaudhuri, A. K. Singh, H.
Nemade, and D. Bandyopadhyay, "Self-spinning nanoparticle laden
microdroplets for sensing and energy harvesting," Nanoscale, vol. 8, pp.
6118-6128, 2016.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

M. Bhattacharjee, A. Vilouras, and R. Dahiya, "Microdroplet Based
Organic Vapour Sensor on a Disposable GO-Chitosan Flexible
Substrate,” in 2019 IEEE International Conference on Flexible and
Printable Sensors and Systems (FLEPS), 2019, pp. 1-3.

N. Mandal, M. Bhattacharjee, A. Chattopadhyay, and D.
Bandyopadhyay, "Point-of-care-testing of a-amylase activity in human
blood serum," Biosens. Bioelectron., vol. 124-125, pp. 75-81, 2019.

J. Kim, |. Jeerapan, J. R. Sempionatto, A. Barfidokht, R. K. Mishra, A.
S. Campbell, L. J. Hubble, and J. Wang, "Wearable bioelectronics:
enzyme-based body-worn electronic devices," Account. Chem. Res., vol.
51, pp. 2820-2828, 2018.

P. Escobedo, M. M. Erenas, A. M. Olmos, M. A. Carvajal, M. T.
Chéavez, M. A. L. Gonzélez, J. J. Diaz-Mochdn, S. Pernagallo, L. F.
Capitan-Vallvey, and A. J. Palma, "Smartphone-Based Diagnosis of
Parasitic Infections With Colorimetric Assays in Centrifuge Tubes,"
IEEE Access, vol. 7, pp. 185677-185686, 2019.

P. Escobedo, M. M. Erenas, A. Martinez-Olmos, M. A. Carvajal, S.
Gonzalez-Chocano, L. F. Capitan-Vallvey, and A. J. Palma, "General-
purpose passive wireless point-of—care platform based on smartphone,"
Biosens. Bioelectron., vol. 141, p. 111360, 2019.

H. Niu and R. D. Lorenz, "Evaluating Different Implementations of
Online Junction Temperature Sensing for Switching Power
Semiconductors," IEEE Trans. Industry Appl., vol. 53, pp. 391-401,
2017.

R. S. Dahiya, A. Adami, L. Pinna, C. Collini, M. Valle, and L.
Lorenzelli, "Tactile Sensing Chips With POSFET Array and Integrated
Interface Electronics," IEEE Sensors J., vol. 14, pp. 3448-3457, 2014.

G. Liu, Q. Tan, H. Kou, L. Zhang, J. Wang, W. Lv, H. Dong, and J.
Xiong, "A Flexible Temperature Sensor Based on Reduced Graphene
Oxide for Robot Skin Used in Internet of Things," Sensors, vol. 18,
2018.

Q. Liu, H. Tai, Z. Yuan, Y. Zhou, Y. Su, and Y. Jiang, "A High -
Performances  Flexible — Temperature  Sensor Composed  of
Polyethyleneimine/Reduced Graphene Oxide Bilayer for Real - Time
Monitoring," Adv. Mater. Technol., vol. 4, p. 1800594, 2019.

Y. Lu, M. C. Biswas, Z. Guo, J.-W. Jeon, and E. K. Wujcik, "Recent
developments in bio-monitoring via advanced polymer nanocomposite-
based wearable strain sensors," Biosens. Bioelectron., vol. 123, pp. 167-
177, 2019.

T. Vuorinen, J. Niittynen, T. Kankkunen, T. M. Kraft, and M.
Mantysalo, "Inkjet-printed graphene/PEDOT: PSS temperature sensors
on a skin-conformable polyurethane substrate,” Sci. Rep., vol. 6, p.
35289, 2016.

Y. Zhang and Y. Cui, "Development of Flexible and Wearable
Temperature Sensors Based on PEDOT: PSS," IEEE Trans. Electron
Dev., vol. 66, pp. 3129-3133, 2019.

P. Escobedo, M. Erenas, N. Lopez-Ruiz, M. Carvajal, S. Gonzalez-
Chocano, |. de Orbe-Paya, L. Capitan-Valley, A. Palma, and A.
Martinez-Olmos, "Flexible passive near field communication tag for
multigas sensing," Anal. Chem., vol. 89, pp. 1697-1703, 2017.

A. Noda, "Wearable NFC Reader and Sensor Tag for Health
Monitoring," in 2019 IEEE Biomedical Circuits and Systems
Conference (BioCAS), 2019, pp. 1-4.

M. A. Carvajal, P. Escobedo, A. Martinez-Olmos, and A. J. Palma,
"Readout circuit with improved sensitivity for contactless LC sensing
tags," |IEEE Sensors J., vol. 20, pp. 885-891, 2019.



