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Abstract—Temperature sensing is an important parameter
needed to be measured by the eSkin during the physical
interaction of robots with real-world objects. Yet, most
of the work on sensors in eSkin has focused on pres-
sure sensing. Here we present a skin conformable printed
temperature sensor with poly(3,4-ethylenedioxythiophene):
poly (styr-enesulfonate) (PEDOT:PSS)-graphene oxide (GO)
as a temperature sensitive layer and silver (Ag) as contact
electrodes. The demonstration of PEDOT:PSS/GO as a highly
temperature sensitive layer is the distinct feature of the work.
The response of presented sensor observed over ∼25 ◦C
(room temperature (RT)) to 100◦C, by measuring the variation
in resistance across the GO/PEDOT:PSS layer showed ∼80%
decrease in resistance. The sensitivity of the sensor was found to be 1.09% per ◦C. The sensor’s response was also
observed under static and dynamic bending (for 1000 cycles) conditions. The stable and repeatable response of sensor,
in both cases, signifies strong adhesion of the layers with negligible delamination or debonding. In comparison to the
commercial thermistor, the printed GO/PEDOT:PSS sensor is faster (∼73% superior) with response and recovery times
of 18 s and 32 s respectively. Finally, the sensor was attached to a robotic hand to allow the robot to act by using
temperature feedback.

Index Terms— Temperature sensor, eSkin, printed electronics, tactile skin, robotics.

I. INTRODUCTION

ELECTRONIC skin (eSkin) for robotics has attracted
significant interest in recent years as it is critical for

safe manipulation and exploration of objects and for safe
human-machine interaction. The increasing focus on haptic
feedback in new applications such as autonomous vehicles and
in industry 4.0 settings are also contributing to the advances
in eSkin technology. The contact force or pressure and the
temperature are the most important parameters needed in these
applications. Yet, most of the work on sensors in the eSkin
has focused on pressure or force sensing as evident from wide
variety of pressure/force and strain sensors developed using
various organic/inorganic materials [1]–[4]. The accurate mea-
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surement of the variations in the skin temperature is needed
for applications ranging from health monitoring to robotics [5].
In humans, the variations in skin temperature can be used for
investigation of physical activities, cardiovascular health, and
several other health diagnostics methods [6]–[10]. Likewise,
the measurement of the variations in temperature is needed
to mimic the functionalities of human skin in robotics and
prosthetic applications [11], [12]. For example, an integrated
temperature sensor can help the robots to distinguish between
the hot and cold objects [12]–[14].

A wide variety of temperature sensors have been reported
in the past using materials such as semiconductors, metals,
metal oxides, and ceramics, etc. [15]–[19]. The resistive tem-
perature sensors are most widely reported owing to their rapid
response, stability, and accuracy [9], [20]. A few eSkins have
also included temperature sensors that are based on silicon
diodes or transistors [18], [21] developed using standard
microfabrication techniques and the devices are not necessary
flexible [22]–[24]. Most of the time, the complex processing
and higher temperatures needed in standard microfabrication
are not suitable with flexible substrates [1]–[4], [22]–[26].
In this regard, printed technologies offer an attractive
alternative route for devices [11], [12], [27]–[30]. The interest
in printed electronics is mainly because of the advantages
such as substantial reduction in cost of fabrication, ease of
printing on flexible substrates over large areas, integration of
electronics directly on objects, etc. [1]–[4], [12], [28], [31].
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Fig. 1. (a) – (e) The process flow for fabrication of printed GO/PEDOT:PSS based temperature sensor; (f) Schematic image of fabricated temperature
sensor; (g) Optical photograph for printed flexible temperature sensor.

These advantages of printed technologies have been exploited
to develop various physical sensors (e.g. temperature [32],
strain [12], [33]–[35], humidity, radio frequency identifica-
tion (RFID) tags [36]) capable to detect and acquire data in
real-time.

Typically, the printed resistive temperature sensors make use
of conductive organic polymers as the temperature-sensitive
layer [37]. The most widely used temperature sensi-
tive layer include poly(3,4-ethylenedioxythiophene): poly
(styr-enesulfonate) (PEDOT:PSS) [38], carbon nanotubes
(CNTs) [39], PEDOT:PSS/CNT composite [37], [40],
graphene oxide (GO) [7], [41], silver (Ag) [42], gold/chrome
(Au/Cr) [43]. They offer excellent electrical conductivity and
optical transparency [37]. Apart from these properties the
thermal activation of PEDOT:PSS, GO promotes their use
for temperature-sensitive layer [44]. However, the tempera-
ture sensors developed using these materials offer limited
sensitivity (< 0.6% per ◦C) and the slow response and
recovery times.

Herein we present highly sensitive (>1% per ◦C) printed
temperature sensors on flexible polyimide (PI) substrates
by using a simple, cost-effective and one-step fabrication
route. We have utilized conductive silver (Ag) paste as
the contact electrodes, while the PEDOT:PSS functionalized
with GO (GO/PEDOT:PSS) composite was utilized as the
temperature-sensitive layer. Owing to excellent adhesion and
electrical performances with the flexible PI, the Ag paste is
a good conductive material for the presented sensor [2], [4].
The biocompatibility, insulating nature and the presence of
functional groups in GO allow strong functionalization of
conducting and temperature-dependent PEDOT:PSS [44], [45].
The performance of printed temperature sensors was evaluated
over temperatures ranging from room temperature (RT)
to 100 ◦C. The work presented in this paper extends our pre-
vious work presented at IEEE FLEPS 2019 conference [32].
With respect to the preliminary work presented in the
conference, herein we have further discussed the sensing in

detail and analysed the sensors for the effect of bending.
In addition, the printed sensor was attached to the thumb of
robotic hand with feedback to identify hot objects.

This paper is organised as follows: Section II presents
the fabrication and characterisation of the sensor. The results
related to the presented temperature sensor are described in
Section III. Finally, the key outcomes are summarised in
Section IV.

II. FABRICATION AND CHARACTERISATION

A. Materials

The Ag conductive ink (186-3600) and PEDOT:PSS
were purchased from RS components and Sigma Aldrich,
UK respectively.

B. Fabrication

The fabrication steps for printed GO/PEDOT:PSS tempera-
ture sensor are illustrated in Fig.1. The commercially available
PI substrates (thickness ∼ 60 μm) was cut into 3 cm ×
5 cm (L × W). The Ag conductive ink was printed on the
PI substrates with the help of a shadow mask (Fig. 1(b))
followed by drying at 80 ◦C for 30 min (Fig. 1(c)). After
drying, the dimension of each Ag electrodes was 1.3 cm in
length and 4 mm in width, with the separation of 2 mm.
The GO powder was synthesized using the modified Hummers
method, as described in [45], [46]. The 1 mg/ml GO powder
was dispersed in DI water under mild sonication. Finally the
GO dispersion and PEDOT:PSS in the ratio 1:1 were mixed
under constant stirring at 1000 rpm for 30 minutes. After this
∼20 μl of the GO/PEDOT:PSS ink was drop casted over
the Ag/PI as shown in Fig. 1(d) and Fig. 1(e). The optical
image and the photograph of printed flexible GO/PEDOT:PSS
based temperature sensor is shown in Fig. 1(f) and Fig. 1 (g),
respectively. The sensitive layer of the printed flexible devices
was insulated with Kapton tape (thickness ∼ 50 μm) to
minimize the effect of humidity and other environmental
factors.
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Fig. 2. (a) Relative change in resistance of the printed GO/PEDOT:PSS
based temperature sensor over time from RT to 100 ◦C and back to RT.
(b) The response (ΔR/R0) of the sensor as a function of temperature
varying from RT to 100 ◦C.

C. Characterization

The change in the resistance of the printed flexible sensor
as a function of temperature was measured using a LabView
controlled Agilent 34461A series multimeter. The temperature
of the hot plate was calibrated using a high precision IR
thermometer (FLUKE 62 MAX). The bending measurements
were carried out using the inhouse build setup reported
elsewhere [47]. The robotic hand used in the study was 3D
printed in the lab [12].

III. RESULTS AND DISCUSSIONS

The normalized resistance (R/R0, where R is the sensor
resistance and R0 is the base resistance at RT) of the
printed GO/PEDOT:PSS based temperature sensor over time,
as shown in Fig. 2(a). Initially the sensor was placed over a
hot plate maintained at room temperature (RT) to get the stable
response of the sensor. A minimal variation of ∼ 2% in R/R0
at RT with respect to the response of the sensor can be
observed in Fig. 2 (a) for initial 15 s. This variation may
be attributed to the minute self-adjustment of polymer-GO
composite in the polymer matrix due to thermal coefficients
and local change in the effective relative humidity, as reported
in [48]. However, to minimize the effect of humidity and
other environmental factors, the sensitive layer of the printed

Fig. 3. Schematic illustration for microstructural changes in the sensitive
layer leading to change in resistance at (a) RT (b) 100 ◦C.

flexible devices was insulated with Kapton tape (as discussed
in Section II).

Afterwards, the temperature of the hot plate was gradually
increased to 100 ◦C from RT (termed as heating). Once the
temperature of the hot plate approached 100 ◦C, the printed
GO/PEDOT:PSS demonstrates ∼80 % change in resis-
tance. Based on the change in the electrical resistance of
the sensor with temperature, Fig. 2(b) shows the response
(�R/R0 = (R − R0) /R0, where �R is the change in resis-
tance) of the sensor with variation in temperature from RT
to 100 ◦C. It can be clearly seen from Fig. 2(b) that the
printed GO/PEDOT:PSS based temperature sensor demon-
strates around 80% change in resistance for a temperature
change of ∼75 ◦C and sensitivity of more than 1.09% per ◦C.
The calculated change in the resistance over temperature was
found to be linear with a determination coefficient, r2 value
of 0.988, demonstrating the linearity of the sensor towards
change in temperature.

For any temperature sensor, it is important to study the
response and recovery times. As can be clearly seen from
the first part of Fig. 2(a), the printed GO/PEDOT:PSS based
temperature sensor shows a response time of 18 s. Additionally
to study the recovery time, in the present investigations
the printed GO/PEDOT:PSS based temperature sensor was
carefully removed from the hot plate and allowed to cooldown
while the resistance was being measured. While cooling
the temperature at the surface of the sensitive layer was
monitored continuously with a high precision IR thermometer
(FLUKE 62 MAX). As seen from Fig. 2(a), the sensor takes
around 32 s to completely recover (from 100 ◦C to RT).

As seen from Fig. 2 (a), the resistance of the samples
was found to decrease with an increase in temperature,
demonstrating a negative temperature coefficient (NTC) of
resistance. Similar NTC characteristics for PEDOT:PSS based
polymer composite is reported in the past [37], [38]. The
two-step schematic illustration and explanation of various
processes during the electrical characterization of the sensor
for the NTC behaviour is shown in Fig. 3.
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The PEDOT:PSS, generally has a core-shell grain-like
structure, where the conductive PEDOT forms the core
part and insulating PSS is the shell. GO is an insulator
decorated with highly sensitive functional groups. Step I,
at RT (Fig. 3 (a)), shows the hygroscopic nature of the
PEDOT:PSS and GO makes them highly sensitive to water
molecules [37], [38], [44]. Due to interlayer swelling of
PEDOT:PSS the hydrogen bonds between the PSS weaken
in the presence of water molecules [37], [38], [44], [49].
This leads to the increased distance between the conductive
PEDOT and insulting PSS [37], [38], [44], [49]. The similar
interlayer swelling is reported for GO in presence of water
molecules, which is attributed to the generation of protons
as a result of the reaction between water molecules and
functional groups in GO [45], [50]. As a result of the
combined effect of interlayer swelling, the movement of
charge carriers in the GO/PEDOT:PSS composite is restricted
which therefore leads to high electrical resistance. Increasing
the temperature from RT to 100 ◦C (step II, Fig. 3(b))
weakens the hydrogen bonds between the water molecule
and the PSS chain and this, in turn, reduces the interlayer
swelling and in hydrogen bond attractions between PSS (either
inter/intramolecular) [49]. Thus, the conductive core and
insulting shell grains are interconnected. The thermal
activation of GO conductivity, well-reported in past,
is attributed to the loss (reduction) of functional group
on heating and physio-chemical changes, leaving behind
mobile ions, and resulting in semi/conducting nature,
depending on the degree of reduction [22], [45], [50], [51].
The GO/PEDOT:PSS composite thus exhibits p-type
semiconductor properties forming an acceptor impurity level
near the valence band [38]. With the increase in temperature,
the thermal energy increases and the electrons excited in the
valence band are transferred to the conduction band. The
hole left behind in the valence band results in an increased
conductivity [38]. The higher sensitivity in the present
investigation is most likely due to the electron hopping
mechanism between adjacent polyaromatic molecules, similar
to organic semiconductors [50].

In addition to this, for real-world and conformable
applications, it is necessary to investigate the performance of
the sensors under various static and dynamic bending
conditions. Fig. 4 shows the response of printed
GO/PEDOT;PSS based temperature sensors under various
static bending (tensile and compressive) conditions over time
and change in temperature (from RT to 100 ◦C). In the
present investigations, a bending radius (r) of 10 mm, 20 mm
and 30 mm was used for both (static tensile and compressive)
bending conditions. At RT, no significant variation in the
response of devices (under flat, tensile and compressive)
was observed. However, when the temperature was gradually
increased to 100 ◦C, less than ±5% variation was observed
in the response time of the sensors when they were subjected
to static bending conditions as compared with the flat sample.
The change in the sensitivity of the sensors was negligible,
as can be clearly seen from Fig. 4.

Apart from static bending conditions, the printed sensors
were subjected to dynamic bending conditions (for up to

Fig. 4. Normalized change in the resistance of the sensors under
different static bending (tensile and compressive) conditions over time
with varying temperature (from RT to 100 ◦C).

Fig. 5. Normalized resistance of the printed GO/PEDOT:PSS tempera-
ture sensor under dynamic (a) tensile (b) compressive bending cycles
at RT. Zoomed in region showing three dynamic bending cycles for
(c) tensile (d) compressive. Photograph of the sensor under (e) flat and
(f) bending cycles.

1000 cycles) at RT to investigate the variation in the
response of the senor. Fig. 5 summarizes the performance
of the device for tensile and compressive bending conditions
for over 1000 cycles. Both experiments were conducted
with each bending cycle taking place every 5 seconds. For
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Fig. 6. (a) CAD model of the 3D printed hand with the printed temperature
sensor mounted on the thumb of a robotic hand, (b) Temperature sensor
on distal phalanx of the thumb and in contact with a hot object and the
response of the sensor, (c) Implemented feedback system with the hot
object after threshold was reached. (d) the circuit diagram associated
with the demonstration.

both measurements, the samples were bent at a radius of
∼ 47.5 mm. Fig. 5(a) and 5(b) show the relative change
of resistance during entire duration of experiments under
tensile and compressive bending respectively. Fig. 5(c) and
5(d) shows three cycles at an arbitrary point of the experiments
to demonstrate the repeatability of each cycle. Fig. 5(e) and
5(f) show the photograph of the sample under flat and
bending conditions during the characterization procedure. The
presented temperature sensor shows stable performance under
bending conditions. From the dynamic bending, we observed
an average change of 1% under bending condition. This small
change can be considered negligible in comparison with the
relative change of resistance with respect to temperature and
can correspond to a difference in temperature of (∼2 ◦C).

To demonstrate the application of the presented temperature
sensor, the device was mounted on the distal phalanx of
the thumb of a 3D printed robotic hand (Fig. 6 (a)) and
the same was tested with heating arrangement (Fig. 6(b) and

Fig. 7. Comparison of the printed temperature sensor with commercially
available thermistor (100 kΩ). The marked regions show the response
and recovery times for both the sensors.

6(c)) [12], [52]. The readout circuit (Fig. 6(d)) comprises a
voltage divider circuit. The voltage output of the circuit was
captured by a microcontroller unit (MCU) as an analogue
input. The data from MCU was sent to a PC and displayed
using a LabVIEW program. A hot air gun was used to blow hot
air on the thumb to measure the relative change in resistance
of the sensor and evaluate its viability as a component of
e-skin (Support Video 1). The temperature sensor was then
tested with a feedback mechanism for preventing contact with
hot objects as can be seen from Figure 6 (b) and Support
Video 2. The finger is actuated via a linear servo motor,
placed in the palm region and controlled using the same MCU.
The system was configured to measure the voltage output
of the sensor while a command was sent to the MCU to actuate
the finger in contact with the object. After about 5 seconds of
contact with the object, the output of voltage divider circuit
reached the threshold 0.05 as indicated in Fig. 6(b) and 6(c),
set in the system as safe temperature and the servo motor
was immediately actuated to move the finger away from the
object (Fig. 6 (c)). The reason for choosing the threshold
�R/R0 = 0.05, is due to the fact that the sensing layer is
not in contact with the hot object and heat transfer was done
via proximity. The robotic hand was made using PLA material
which can deform at temperatures above 70 ◦C.

Finally, the performance of printed temperature sensor was
compared with a commercial thermistor (RS PRO Thermistor
DO-35 100k�). The normalized resistance for the printed
temperature sensor and the commercially available thermistor
is as shown in Fig. 7. For comparison, the printed temperature
sensor and the thermistor were placed on the hotplate at RT.
The corresponding normalized resistance for the devices at
RT is marked as “A” in Fig. 7. Gradually the temperature of
the hot plate was increased to 100 ◦C at a rate of ∼3-4◦C/s.
As discussed previously, the printed temperature is highly
sensitive to the temperature changes and demonstrates ∼ 80%
change in resistance at 100 ◦C with a response time of 18 s
(marked as B, in Fig. 7). In comparison, the commercial
sensor showed ∼ 90% change in resistance at 100 ◦C but
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TABLE I
SUMMARY AND COMPARISON FOR PRINTED FLEXIBLE

TEMPERATURE SENSOR

the response time is about 65 s (marked as D, in Fig. 7).
To evaluate the recovery time of the sensors, both the devices
were removed from the hotplate (at 100 ◦C) and kept at
room temperature to cool down to RT. The recovery path
for the printed GO/PEDOT:PSS and commercial sensors are
marked with B to C and D to E, respectively in Fig. 7. The
GO/PEDOT:PSS sensor recovered completely after 32 s while
the commercial sensor took ∼ 120 s to recover completely.
Therefore, the printed GO/PEDOT:PSS based temperature
sensor showed faster response as compared with the commer-
cial thermistor. A further comparison of the performance of
the presented printed flexible temperature sensor with other
works reported in literature is given in Table I.

IV. CONCLUSIONS

To summarize, the printed flexible temperature sensor using
silver paste and GO/PEDOT:PSS as conductive electrodes and
sensitive layer, respectively is presented in this paper. The
printed flexible temperature sensor demonstrated a negative
temperature coefficient of resistance with ∼80% change in
resistance and sensitivity of 1.09 % per ◦C with temperature
varying from RT to 100◦C. The advantages of the present
approach include facile, cost-effective, scalable fabrication and
compatibility with large area flexible substrates for eSkin
applications. The printed sensor demonstrated stable and
repeatable device performances when subjected to different
static and dynamic bending conditions. The sensor was also
integrated on a robotic hand and used to differentiate a
hot object. As compared with the commercial thermistor,
the printed flexible sensor showed about 4 times fast response
and recovery times. As for the future, we aim to integrate
the printed flexible temperature sensor with pressure/strain,
humidity sensors along with the associated electronics to also
extend the eSkin application to healthcare domain.
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