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« Challenges in graphene-based
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are described with potential
remedies.
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GRAPHICAL ABSTRACT

ABSTRACT

The paper presents a comprehensive review of the use of graphene to develop wearable temperature sen-
sors. The detection of temperature over a wide range has been a growing interest in multidisciplinary sec-
tors in the sensing world. Different kinds of flexible temperature sensors have been fabricated with a
range of polymers and nanomaterials. With the additional attribute of wearable nature, these tempera-
ture sensors are used ubiquitously to determine the effect of physiochemical variations happening in the
environment of the chosen biomedical and industrial applications. Graphene, owing to its exceptional
electrical, mechanical, and thermal properties, has been extensively used for the development of wear-
able temperature sensors. The prototypes have been deployed with certain wireless communication pro-
tocols to transfer the experimental data obtained under both controlled environments and real-time
scenarios. This paper underlines some of the significant works done on the use of graphene to fabricate
and implement wearable temperature sensors, along with the possible remedial steps that can be consid-

ered to deal with the challenges existing in the current literature.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

There has been a growing interest in the use of sensors for
improving the quality of human life for the last two decades. Scien-
tists have constantly been trying to improve the quality of the sen-
sors in terms of sensitivity, accuracy, and longevity for the chosen
applications. In earlier times, when semiconducting sensors got
popularized [1-3], prototypes were mostly developed using silicon
substrates due to their small size, low hysteresis and ability to
work in harsh environments [4-6]. These sensors were mostly fab-
ricated using the microelectromechanical systems (MEMS) tech-
nique. Although these sensors were used for different kinds of
industrial [7-9] and environmental [10-12] applications, there
are limitations that needed alternative options. This led to the
development of sensors with flexible materials having enhanced
electrical, mechanical, and thermal characteristics [13-15].

Such sensors were fabricated using different kinds of contact
and non-contact printing techniques, including screen printing
[16-18], inkjet printing [19-21], 3D printing [22-24], and laser
cutting [18,25,26] processes. These fabrication techniques have
been used to a large extent to process flexible polymers and con-
ductive nanomaterials. Among the polymers, some of the common
ones that have been used to form the flexible sensors are poly-
dimethylsiloxane (PDMS) [27-29], polyethylene terephthalate
(PET) [30-32], and polyimide (PI) [33-35]. Each of these polymers
differs in terms of mechanical, electrical, and thermal characteris-
tics. In recent days, conductive polymers like PEDOT: PSS [36-39]
have also been used to avoid the reduction in the electrical conduc-
tivity while forming composites for the electrodes of the flexible
sensors. All these polymers have been used individually or in the
form of nanocomposites by mixing them with different kinds of
nanomaterials at defined proportions. The choice of nanomaterials
is typically made based on the application chosen for the sensors.
For instance, sensors intended for biomedical applications, need
to consider biocompatibility, hydrophobic, higher sensitivity and
possibly, minimal pre- and post-processing steps. The commonly
used nanomaterials can be broadly classified under two categories:
carbon-based allotropes and metallic nanomaterials. The former
category includes Carbon Nanotubes (CNTs) [40-42], graphene
[43-46], and graphite [47-50], while the latter includes nanoparti-
cles based on gold [51-54], silver [55-57], aluminum [58-60], and
copper [61-63]. With the use of the aforementioned fabrication
techniques and materials, it has been possible to develop sensors
with wearable nature, thus can be applied to the human body with
minimum to no discomfort even for prolonged use. Such wearable
sensors have been advantageous for their capability to increase the
quality of life at a lower cost [64-66].

Temperature is one of the most important human physiological
parameters that can be used as a reference value for health-related
problems monitoring. Accurate and precise measurement of body
temperature is, therefore, very essential. Despite the high resolu-
tion and accuracy of measurement, commercially available
contact-based temperature sensors are typically rigid, which raises
concerns about their suitability for prolonged on-body usage [67],
for instance, in the context of real-time health monitoring system.
It is also challenging for such sensors to perform localized temper-
ature measurements in curved surfaces of the body, let alone to
distinguish signals from the skin’s surface without impeding the
users’ mobility. Infrared (IR) devices and thermal imaging cameras
seem to provide a fast non-contact solution to the above. However,
a line of sight with the object under test must be maintained, as
well as awareness of the surface’s emissive qualities. This moti-
vates the development of wearable temperature sensors capable
of monitoring dynamic and spatial variations in temperature. To
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comply with on-body operation and so give a viable solution to
the above, wearable sensors are desired to be flexible, stretchable,
biocompatible, highly sensitive, lightweight, and physically dur-
able. Several types of flexible temperature sensors have been
reported in recent decades, including thermocouple [68,69], ther-
moresistance [70,71], and thermal-responsive field-effect
transistor-based temperature sensors [72-74]|. However, since
these sensors have exhibit a narrow thermal dynamic range, they
typically require complicated electronic circuits to ensure accurate
detection, which makes their implementation for wearable appli-
cations challenging [75]. Patterning temperature sensitive materi-
als on sheet-like flexible/stretchable substrates is the most
frequent method for developing wearable temperature sensors.
Pure metals such as platinum, gold, nickel have demonstrated a
linear change in resistance as a function of temperature [67,70]
and a good temperature coefficient of resistance (TCR), typically
in the range of 0.3-0.6%/°C [76]. These metals, however, often need
a high processing temperature, making them costly and difficult to
work with [76,77] and even incompatible with certain heat-
sensitive flexible substrates [67].

Out of the nanomaterials listed earlier, graphene has been one
of the most influential elements in forming efficient, flexible sen-
sors due to its exceptional electrical, physical, thermal and chemi-
cal properties [78,79]. Graphene is a carbon monolayer with a
honeycomb lattice. The physical characteristics of graphene have
been intensively investigated since its isolation from graphite by
the micromechanical cleavage technique in 2004 [80]. Some of
the particular traits including large specific surface area, high elec-
tron mobility, high tensile strength, flexibility, transparency, and
biocompatibility, have led the researchers to opt for graphene as
a stimuli response material for different sensing applications
[79,81,82]. Among these superior properties, it is the outstanding
thermal conductivity of graphene (i.e., higher than metals and
CNTs [83]), together with its excellent mechanical and electrical
properties, as well as its unique temperature-responsive proper-
ties, that renders it a great candidate for temperature sensing
applications [84-86]. From a fabrication standpoint, due to the
electromechanical properties of graphene, its integration with sub-
strate materials is also relatively easier compared to metallic
nanomaterials.

In this paper, we present a comprehensive review of the use of
graphene to construct wearable sensors for temperature sensing
applications. There have been a lot of review papers written in
the context of graphene and its implementation for sensing appli-
cations. For example, comprehensive reviews on the synthesis,
characterization, properties, as well as a wide range applications
of graphene can be found in [87-92]. Nag et. al in presents a broad
overview of graphene for sensors development in [43]. Other
researchers, on the other hand, provide a technical overview of gra-
phene for more specific applications, such as chemical and biolog-
ical sensing [93-95], strain sensing [44,96,97], gas/vapor sensing
[98,99], and human health monitoring [100]. To our knowledge, a
review of the application of graphene for wearable temperature
sensors development, which is the focus of this paper, has yet to
be reported.

The presentation of this paper has been divided into three parts.
We start the review by providing different variants of graphene
that have been employed for temperature sensing applications
(Section 2). For each variant, we provide some examples, along
with the details on the employed materials, fabrication techniques,
and the performance of fabricated sensors correlated with the
composing materials, manufacturing strategies, and sensing princi-
ple, to name a few. The third section summarizes key performance
indicators of temperature sensors comparing graphene-based and
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non-graphene-based sensors published in the literature to date.
The fourth section describes the wireless network scenario for con-
tinuous sensing and monitoring of the developed sensors. In the
fifth section, we explain the challenges faced by the current wear-
able temperature sensors along with some possible remedies. The
conclusion of the paper is drawn in the final section of the
manuscript.

2. Graphene taxonomy and its implementation for temperature
sensor

Graphene, the building block of many carbonic materials, is a
two-dimensional crystalline material made of a basal monolayer
of sp? hybridized carbon atoms, joined together in a hexagonal hon-
eycomb structure. Although graphene was theoretically predicted
long ago [101], it was only actually produced in 2004 [80]. In its tra-
ditional form, graphene is one atomic thick and generally exists as a
film of sorts. The proliferation of graphene research and testing,
however, has resulted in its implementation in various forms. These
wide ranges of graphene materials have been employed to produce
temperature sensors in conjunction with different types of materi-
als to exhibit unique engineering qualities and sensing capability.
Such integrations were achieved through a variety of manufactur-
ing approaches considering the state of the constituent materials
as well as the target performance of the temperature sensing sys-
tem. In this section, we discuss different forms of graphene that
have been employed for the realization of temperature sensor
together with some relevant substantial works.

2.1. Graphene oxide-based temperature sensors

Graphene oxide (GO) refers to the oxidized variant of graphene.
GO has a 2D structure similar to graphene, but the single-layer of
carbon atoms is covalently functionalized with oxygen-
containing groups (such as hydroxyl, carbonyl, and epoxide, to
name a few) above and below the sp? C basal plane [102]. By
removing the oxygen functional groups from its surface, its physi-
cal characteristics can be varied from those of fully oxidized GO to,
those of graphene. Unlike graphene, due to the presence of the oxy-
gen functional groups, GO is hydrophilic and can be dispersed in
water to form single-layer GO solutions [102]. GO flakes are typi-
cally irregular in size, but they can be easily tuned from a few
nm to mm scale, for instance, via sonification. Owing to the GO’s
chemical composition and flakes size tunability, GO is seen as a
promising material for a variety of applications, including renew-
able energy device, biology, medicine, and electronics. With the
huge number and diversity of functional groups on GO’s surface,
which may serve as potential anchoring sites for a range of mole-
cules, GO is intrinsically a good material particularly for gas sens-
ing or biosensing. However, the dielectric nature of GO, which
prevents an efficient extraction of the electric signal from the sen-
sor, hinders its popularity.

In [103] Hou et al. presented a dual strain-temperature sensor
based on sodium alginate (SA) nanofibril/GO/polyacrylamide
(PAM) nanocomposite hydrogel, denoted as SNGP hydrogel. The
strong entanglement of the alginate nanofibril and PAM networks
contributed to the remarkable mechanical properties of the SNGP
hydrogel. The addition of GO as a strengthening agent and thermal
conductor, on the other hand, gave the hydrogel improved
mechanical characteristics and thermal sensitivity. The SNGP
nanocomposite hydrogel was made by mixing a prepared and incu-
bated SA/NaCl solution with GO, monomer, cross linker, accelera-
tor and thermos-initiator, followed by curing for 3 h at 50 °C.
The SNGP nanocomposite hydrogel was encapsulated in a PET film
or VHB tape to create the sensor. The constructed sensor showed a
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negative temperature coefficient of resistance (TCR) with a sensi-
tivity of 2%/°C within the temperature range of 25-65 °C (Fig. 1
(a) and (b)). The resulted sensitivity value was higher than that
of typical ionic hydrogel-based sensors, possibly as the result of
the electron hopping at the neighboring graphene sheets interface
[104]. With an increase in strain from 0% to 200%, this temperature
sensitivity rose from 2.0%/°C to 2.7%/°C (Fig. 1(c)), which might be
associated with increased structural disorders of the graphene
under pressure [105]. Apart from that, the sensor exhibited a high
tensile strength (0.54 MPa), excellent stretchability (3370%), and a
high compression strength (4.4 MPa). The study discovered that
increasing the GO content increased the toughness of the devel-
oped sensor. As a strain sensor, it exhibited a GF of 4.2 at a tensile
strain of 2000% and can detect an exceptionally small strain of
0.02% at a low voltage of 0.5 V. The excellent electric property of
GO was responsible for the latter’s enhanced sensitivity.

Ren et al. developed capacitive-temperature sensors employing
GO in [106]. The devices consisted of a planar coil and temperature-
sensitive capacitor forming an LC tank whose resonant frequency
was a function of temperature. GO films, used as the sensing layer,
was synthesized using the modified Hummers method, followed by
exfoliation through ultra sonication process. Fig. 2(a) shows the
schematic diagram of the fabrication process of the GO-based wear-
able temperature sensors. Initially, p-type silicon wafers were flip-
chipped onto glass wafers using an anodic bonding process, which
was further processed with a chemical mechanical planarization
process. The samples were then trenched using the inductively cou-
pled plasma technique, followed by attaching the FR-4 substrates-
based interdigitated temperature-sensitive capacitors with an
adhesive layer. Finally, spiral copper inductors were attached to
the same substrates using a standardized printed circuit board
(PCB) process. Wire bonding was employed to make the electrical
connection between the capacitor and the inductor on the sub-
strate. As part of the device, a telemetric unit consisting of an
antenna analyzer and a readout coil was interfaced to the sensing
unit through an electro-magnetic coupling for characterization pur-
poses. The resonant frequency of the system, which changed as a
function of temperature, thanks to the GO, was monitored through
the impedance change captured by the antenna analyzer. With the
increase in temperature, the peak of the real impedance shifted to
lower frequency (Fig. 2(b) and (c)). Sensitivities of 59.3 kHz/°C
and 46.1 kHz/°C were obtained in temperature ranging from —40
°C to 0 °C and from 10 °C to 60 °C, respectively.

2.2. Reduced graphene oxide-based temperature sensors

Reduced graphene oxide (rGO), another derivative of graphene,
is produced when further reductive exfoliation treatment is
applied to GO. The reduction of GO can be done through various
ways, e.g., chemical, thermal, microwave, and electrochemical.
The diversity of the process and the degree of reduction may result
in tGO of varying grade [107]. Having less oxygen functional
groups, rGO exhibits properties that are more similar to those of
pristine graphene, such as greater electrical conductivity and car-
rier mobility as compared to GO. The graphene-like properties of
rGO have made it an attractive material for the development of
nano/hierarchical devices for various applications, including bat-
teries, optoelectronics, supercapacitors, membranes, catalysts,
absorbers, anticorrosion, lubricants, and flexible sensors [107].

One interesting example employing rGO is the work done by Liu
et al. [108]. The researchers showcased the use of rGO for the
development of temperature sensors suitable for robot skin and
the internet of things (IoT). In this effort, rGO was sandwiched
between a high-temperature transparent tape acting as an insulat-
ing layer and a PET substrate. The sensor was fabricated and com-
pared with other sensors with the same configuration but using
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Fig. 1. Performance of SNGP hydrogel-based strain-temperature in [103]: (a) dynamic resistance response as the temperature changes from 25 °C to 35 °C, 45 °C, 55 °C, and
65 °C, (b) relative resistance change as a function of temperature, and (c) relative resistance change under different strains when temperature changes from 20 °C to 55 °C.

Reproduced from [103] with permission. Copyright (2021) Elsevier Ltd.
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Fig. 2. (a) Fabrication process of GO-based temperature sensors in [106]. (b) Measured real impedance of the system as temperature changes from 10 °C to 60 °C. (c)
Measured real impedance of the system as temperature changes from —40 °C to 0 °C. Reproduced from [106] with permission. Copyright (2014) IEEE.

single-walled carbon nanotubes (SWCNTs) and multi-walled car-
bon nanotubes (MWCNTSs) as the sensing layer. Plasma etching
was involved in the fabrication process to build irregular
microstructures on the surface of the PET to improve the attach-
ment of the carbon sensing layers on the substrate. The screen
printing process was also utilized to fabricate two conductive thin
wires. Fig. 3(a)-(h) show the schematic diagram of the fabrication
process of these sensors along with the fabricated sensors. As
shown in Fig. 3(i)-(k), the resistance response of the rGO and
MWCNTS-based sensors was linear with temperature, whereas
the SWCNTS-based sensor was nonlinear. All prototypes exhibit a
negative TCR with the rGO-based prototype showing the highest
sensitivity of 0.6345%/°C. Another advantage of the developed
rGO sensor was its durable mechanical qualities, which allowed
the resistance of the sensor to remain largely stable even when
subjected to various pressures and deformations. This was accom-
plished by reducing the space between the graphene layers by
applying a high force when adhering the insulating layer. The insu-
lating layer also rendered the sensor resilient to changes in sur-
rounding humidity and other gases.

Another interesting work is shown by Sahatiya et al. [109]. rGO
was used as a channel that bridged the electrodes fabricated over a
PI substrate, resulting in a flexible and transparent temperature
sensor. Another version of the sensor using commercial graphene
flakes was also developed. The graphene solutions were both
drop-casted, while the electrodes were made out of copper
through the microfabrication technique. The fabricated sensors
were subsequently tested for their performance for both infrared
sensing and temperature sensing. Within the temperature of
35 °C and 45 °C, the sensors showed TCR values of —0.7429%/°C
and —0.413%/°C for the rGO and graphene flakes, respectively, both
indicated a higher sensitivity than a commercially available
platinum-based temperature sensor (TCR of 0.39%/°C) [110]. The
vast number of thermally activated defect traps present in rGO,
which contributed to long range variable hopping of the electrons,
may be the cause of the high sensitivity of this rGO-based sensor
[111]. This was in addition to having a larger activation energy
(i.e., 90.7 meV) than the graphene flakes-based sensor (i.e.,
24.19 meV). Similar work on the use of rGO for developing wear-
able temperature sensors can be seen in [112]. But here, the fabri-
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robot skin. (i)-(k) Relative resistance changes for rGO, MWCNTS, and SWCNTS, respectively, as temperature changes from 30 °C to 100 °C. Reproduced from [108] under a
Creative Commons Attribution 4.0 International License (CC BY 4.0). Copyright (2018) The Authors.

cation approach was different since the rGO was drop-casted
directly on platinum interdigital electrodes, followed by low-
temperature annealing and hydrazine vapor treatment. The resis-
tance decreased exponentially as the temperature increased from
100 K to 400 K. Above 240 K, the resistance response was almost
linear with a TCR of —0.38%/K. The sensors exhibited some other
attributes like high sensitivity, stability, and repeatability. The
behavior of the sensors was comparable to that of a standard tem-
perature controller.

Zhang et al in [113] developed a multi modal strain and temper-
ature sensor through hybridization of PEDOT:PSS and rGO in an
aerogel form and infusing it with PDMS. The PEDOT:PSS/rGO aero-
gels were made by freeze-drying a mixture of PEDOT:PSS and GO
nanosheets synthesized using a chemical reduction-induced self-
assembly technique. The prepared aerogel was then mixed with
PDMS precursor, which infiltrated into the pores of the aerogel,
resulting in a stretchable strain sensor. Exhibiting positive and
negative sensitivity to strain and temperature, respectively, this
sensor can identify both stimuli using an impedance technique.
By measuring the electrical impedance of the sensor at two distinct
frequencies, both strain and temperature may be easily calculated
with just one sensor. The gauge factor of the sensor created with
the PEDOT:PSS/rGO/PDMS nanocomposite at a weight ratio of
1:30 and a total filler concentration of 2.5 mg/ml was found to
be approximately 57.6. The developed sensor displayed decreasing
resistance as the temperature increased with a TCR of —1.69%/°C in
the temperature range of 30-50 °C.

Dan et. al described the design, fabrication, and characterization
of temperature sensors employing conductive polymer composite
(CPC) and rGO in [76]. The response of a CPC-based composite
may result from the temperature-dependent properties of the
polymer itself or nanofiller. The polymer and nanofiller’s
temperature-dependent effects may conflict with one another
(for example, when the polymer has a positive TCR while the nano-

filler has a negative TCR), resulting in a weak or non-linear electri-
cal behavior. In this study, the authors formed a nanocomposite ink
using biopolymer polyhydroxybutyrate (PHB) as the polymer
matrix and sheet-like rGO (from 3 to 12 wt%) as the nanofiller
(Fig. 4(a)). Because PHB exhibited a relatively small thermal expan-
sion, rGO’s temperature-dependent characteristics dominated the
composite’s overall response, thus addressing the above issue.
The room temperature resistivity, as well as the temperature-
dependent resistance of this composite, were greatly determined
by the rGO’s weight percent loading. Below the percolation thresh-
old (i.e., 3 wt%), the composite was typically insulating and exhib-
ited minimal change in resistance as a function of temperature.
Above the threshold, the conductivity, the Hall mobility and charge
carrier density of the composite increased significantly. The com-
posite was also moderately conductive and had minor but steady
and repeatable resistance decrease upon heating, just like pure
rGO. The temperature sensor was fabricated by drop coating the
PHB-rGO composite ink on inkjet-printed silver electrodes or direct
ink writing (DIW) the ink on flexible and stretchable substrates
such as PET and PDMS (Fig. 4(b) and (c)). The TCR value of the
PHB-rGO-based sensor with 3 wt% loading (the highest responsiv-
ity of all composites) was —0.8%/°C within 20 °C and 65 °C (Fig. 4
(d)). The TCR absolute value was comparable to that of nickel
(i.e., 0.6%/°C) [76], validating its potential for temperature-
sensing devices. This composite was also water-resistant due to
the hydrophobicity of its the polymer matrix. This allowed the
developed sensor to be used for monitoring temperature profiles
in wet situations, such as within the body or underwater.

2.3. Graphene nanoplatelets-based temperature sensors

Graphene nanoplatelets (GNPs) are stacks of platelet-shaped
graphene sheets, which are comparable to those seen in the walls
of carbon nanotubes but in planar form. They are also known as
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graphite nanoplatelets since they contain of more than 10 gra-
phene layers [114]. GNPs typically range from 50 to 750 m?/g in
surface area and 5 to 10 nm in thickness. They may be produced
in sizes ranging from 1 to 50 um. Their key characteristics include
lightweight, good mechanical properties, great thermal and electri-
cal conductivities, high aspect ratio with planar shape, together
with low cost and easy manufacture (unlike pristine graphene).
Due to their appealing powder or granular shape, which can be
quickly and effectively incorporated into the polymer matrices by
solvent and melt counteracting, they are the preferred material
for advanced nanocomposites. In most cases, the inclusion of
GNP enhances barrier properties and thermal conductivity,
improves mechanical and tribological performance, turns insulat-
ing matrices into electrical conductors, and works as a flame retar-
dant. While less chemically reactive than GO, GNPs are similarly
effective as tube-like nano-fillers in modifying the chemical prop-
erties of polymers as well as safer than carbon nanofibers and
nanotubes.

A 3D printing technique of GNPs/PDMS inks was employed in
[115] to develop nanocomposite-based sensors that were stretch-
able and strain-insensitive. Through a solvent bending approach,
the authors successfully developed nanocomposite inks with
shear-thinning rheological behavior suitable for a smooth and
stable 3D printing process. Fig. 5(a) shows the fabrication steps
of the nanocomposite inks. Graphene flakes were used as the pre-
cursor material, which was processed to form the intercalated gra-
phite compound. These compounds were annealed at 1050 °C for
25 s to form GNPs. The GNPs were then mixed with ethyl acetate
and then with PDMS to form the nanocomposite inks. The shelf life
of the inks was around 60 days at a temperature of 4 °C. The sen-
sors were fabricated with various cellular architectures (i.e., grid,
triangular, and hexagonal) apart from solid using a 3D direct ink-
writing printer connected to a computer-controlled 3D movement
platform. The printed prototypes were cured at 150 °C for 1 h
before removing them from the printing platform and using them
for characterization and experimental purposes. Through optical
observations of the printed structures, it was confirmed that the
nanocomposite inks allowed for long-range-ordered and precisely
controlled porous cellular structures. The experiments were con-
ducted for a temperature ranging between 25 °C and 75 °C. The
sensors displayed a positive TCR with a sensitivity of 0.8%/°C
(Fig. 5(b)) which was higher than that of standard commercial
platinum-based temperature sensor (i.e., 0.39%/°C) [110]. The
range of response and recovery times of the sensor with grid por-

ous structure were 1.31-3.91 s and 1.01-4.58 s, respectively, indi-
cating a better performance than the platinum sensor. The
sensitivity of the sensors as a function of deformation was also
investigated. In general, the sensors with long-range-ordered por-
ous structures (i.e., grid, triangular, and hexagonal) demonstrated
better temperature sensitivity under stress (Fig. 5(c)), which was
understandable given that the fine porous structure can effectively
share the external strain, thus resulting in a more stable electrical
resistance and reduced effect of strain on the temperature-sensing
properties [116]. This feature was significantly important for real-
time applications on curved or complicated structures, for instance
the human body.

2.4. Graphene nanowalls-based temperature sensors

Graphene nanowalls (GNWs), also known as carbon nanowalls,
carbon nanosheets, and carbon nanoflakes, are a class of graphene
networks that consists of graphene nanosheets forming self-
assembled vertically standing wall structures on a substrate
[117]. Each nanosheet typically consists of 1-10 layers of graphene
with an interlayer spacing of 0.335 nm. The wall structures typi-
cally have thickness varying from a few to a few tens of nanome-
ters and have a high aspect ratio. Due to its high density of
atomic size graphitic edges, GNWs have generated a lot of atten-
tion for prospective use as light sources and flat panel displays.
The large surface area of GNWs offers great promise for the devel-
opment of batteries, capacitors, and sensors [117,118]. In these
applications, metal nanoparticles and other elements are often
added.

Wei et al. [75] showed the use of GNWs and PDMS to develop
wearable temperature sensors. The sensors were fabricated by
employing plasma enhanced chemical vapor deposition (PECVD)
technique and polymer-assisted transfer method. The procedure
began with the synthesis of GNWs on copper foils using a low pres-
sure RF PECVD technique. This was followed by a series of poly-
methylmethacrylate (PMMA)-free transfer processes, which
helped to preserve the GNW’s vertical morphology, crucial for a
high temperature sensitivity. The connections of the prototypes
were formed using silver paste at both ends of the sensor. Mea-
sured from 35 °C to 45 °C, the developed sensor exhibited a posi-
tive TCR of 21.4%/°C which was 2 orders larger than that of
standard commercial platinum temperature sensors (i.e., 0.39%/
°C) [110]. As the temperature rose, the radial expansion of the
PDMS substrate stretched the interlaced GNWSs network into a
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temperature from 25 °C and 75 °C. (c) Temperature sensitivity of the sensor as a function of external tensile strain. Reproduced from [115] with permission. Copyright (2018)

American Chemical Society.

loose conductive network, and the very high thermal expansion
coefficient of PDMS caused fractures to occur. As a result, compact
graphene nanosheets generated much longer conducting channels
between the two electrodes, which explained a large increase in
resistance and the very high thermal responsiveness above. On
other note, the conductive channels reverted to their initial state
upon cooling, suggesting a fully recoverable conductive channel
throughout the thermal expansion and contraction of the PDMS,
resulting in exceptional stability.

2.5. Laser-induced graphene-based temperature sensors

Laser-induced graphene (LIG) is a class of 3D porous carbon
nanomaterial which is composed of a percolating network of por-
ous multilayer graphene. LIG may be formed by subjecting a vari-
ety of carbon precursors, such as PI, poly(ether sulfone), wood,
food, clothes, and paper, to mention a few, to laser irradiation in
an ambient environment [119]. The photo-thermal production of
graphene results from the local heating induced by the laser-
irradiation of the carbon precursors. The C—0, C=0, and C—N
bonds are easily destroyed by the high temperature, which is con-
firmed by the significantly reduced oxygen and nitrogen levels in
LIG. LIG offers a variety of benefits and prospects as it not only pos-
sesses electrochemical properties of graphene, but also has higher
specific surface area. In contrast to conventional graphene manu-
facturing approaches, such as thermal decomposition, mechanical
stripping, epitaxial growth, CVD, and wet chemical methods, LIG
is unique as it can be completed in a single step at a lower cost
and with less negative environmental impact [120]. The graphene
size, morphology, and texture can be easily controlled through
laser writing or engraving, process parameters without any addi-
tional step. This controllable fabrication, design, and texture of
LIG via computer-based systems hold a great promise toward
printable electronics for sensing based applications.

Marengo et al. [121] showed one of the interesting works
employing LIG for developing flexible temperature sensor. Car-
bonization was done on a PI substrate using CO, lasers, where opti-
mization was done on various laser parameters, including
wavelength, power, speed, working distance, and pulse per inch.

The contact pads were formed using copper tape connected to
LIG tracks by silver paint. The temperature sensors displayed with
a decrease of resistance values by 4% when the temperature
increased from 20 °C to 60 °C, or similarly a TCR of —0.1%/°C. Sim-
ilar work was reported in [122] where a LIG-based sensor was
developed through a straightforward CO, laser irradiation of a PI
film. To ensure accuracy, hydrosol and double-sided tapes were
incorporated and the process was done over an acrylic board as
shown in Fig. 6(a). At the end of the process, the hydrosol tape
was dissolved in clean water and the resultant sensor can be
detached from the acrylic board safely. The sensor temperature
response was characterized between 30 °C and 40 °C, simulating
the human body temperature limit, and a TCR of —0.04145%/°C
was observed (Fig. 6(b)). The sensor response might be affected
by the contradictory thermal coefficients of LIG and PI [121].

2.6. Graphene textile-based temperature sensors

Over the last several years, the textile industry has seen signif-
icant growth and innovation. Modern textiles no longer qualify as
mere clothing since nowadays they incorporate new functionali-
ties, including electrical conduction, UV protection, flame resis-
tance, electrochromic, thermal regulation, self-cleaning,
antimicrobial, solar energy harvesting, photonic, or even catalysis.
These functionalities are normally provided by the development
and implementation of new materials. Having mentioned all the
qualities and potentials of graphene materials family, the incorpo-
ration of graphene into textiles is a natural step to do. Not only gra-
phene can enhance resistance to wear, abrasion, and tearing, it also
can increase thermal and electrical conductivity, which all open up
opportunities for smart textiles for various applications.

In [123], for instance, Afroj et al. developed rGO based graphene
inks suitable for highly scalable and ultrafast yarn dyeing tech-
nique for the production of graphene textile-based temperature
sensors. This was done by engineering the formulation and reduc-
tion conditions of rGO flakes. GO was initially synthesized with the
modified Hummers method and chemically reduced to rGO
through a modified reduction process which involved ascorbic acid
(AA) and sodium hydrosulfite (SH) as reducing agents and opti-
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Fig. 6. (a) Fabrication of the LIG-based temperature sensor in [122]. (b) Thermal-dependent resistance of the developed sensor as temperature changes from 30 °C to 40 °C.
The inset shows the fabricated LIG-based sensor. Reproduced from [123] under a Creative Commons Attribution 4.0 International License (CC BY 4.0). Copyright (2021) The

Authors.

mized reduction time and temperature. Poly(sodium 4-styrene sul-
fonate) (PSS) and poly(vinyl alcohol) (PVA) were added to function-
alize the rGO flakes surface to have better dispersibility and
prevent agglomeration. Yarn dyeing techniques, i.e., dip coating
and exhaust dyeing, were then employed to produce rGO-coated
yarns, which were further transformed into textile sensor structure
through an automatic knitting process. The temperature sensitivity
and hence usability of the produced inks were validated through
testing of the temperature-dependent conductance for individual
rGO flakes, overlapping rGO flakes, drop-casted rGO films, and
free-standing rGO-coated yarns (Fig. 7(a)-(c)). The findings also
indicated that rather than the transport across flakes, the conduc-
tivity of individual flakes had a substantial role in determining the
temperature sensitivity. Experimental investigations were con-
ducted to optimize some key parameters of the dyeing process,
such as coating time, number of coating cycles, curing time and
temperature. It was discovered that the resistance of rGO-coated
yarn decreased with the increase of coating time. The resistance
followed the same trend when the number of the coating cycle
increased, which was anticipated given the rise in the quantity of
rGO flakes deposited on the yarn surface. The resistance decreased
significantly with the increase in curing temperature and time due
to the volatilization of the residual solvent. It was also observed
that a high curing temperature reduced the contact resistance of
the rGO flake network, enabling a more efficient charge transport.
Wash stability testing was also conducted. The research revealed
that when compared to graphene flakes-coated yarn, the rGO-
coated yarn had better wash stability. Confirmed through X-ray
photoelectron spectroscopy (XPS) analysis, this behavior was
caused by the oxygen functional group of rGO, which formed cova-
lent or hydrogen bonding with the fibers and improved wash sta-
bility. To achieve a graphene-coated yarn-based temperature
sensor with the most robust knitted scaffold, the sensor was built
using an interlock construction of double-covered yarn with a
Lycra filament core and a nylon filament covering (Fig. 7(d)). The
sensors depicted repeatable results in terms of electrical resistance
for cyclic tests done between 25C and 55C exhibiting a linear neg-
ative TCR (Fig. 7(e)).

Motivated by an interest to develop temperature sensors that
can be fully integrated into textile, allowing for more seamless
integration of the sensing system into the users’ clothing, Rajan
et al. developed graphene-coated polypropylene (PP) monofila-
ment textiles that can perform as a resistive temperature sensor
[67]. Several graphene films were prepared: three types were
grown through CVD (i.e., single-layer graphene (SLG), trilayer gra-
phene (TLG) grown on copper, and few-layer graphene (FLG)
grown on nickel) and one type was grown through shear exfolia-

tion of graphite (SEG). The sensors were developed by coating
the PP textiles with the prepared graphene films. Carbon paste
and silver ink were compared for their suitability as the sensor
contact points to facilitate the measurements. The developed sen-
sors were almost invisible due to its small dimension and optical
transparency, which led to easy and seamless integration into gar-
ments. The performance of all fabricated sensor was determined in
terms of the change in resistance with respect to the temperature
change from 30 °C to 70 °C. There was no sign of temperature-
dependent resistance in the FLG-based sensor, indicating that this
form of graphene may not be suited for temperature sensing pos-
sibly due to the larger number of layers. The SLG and SEG-based
sensors, on the other hand, showed some temperature sensitivity
but were not reproducible. It was believed that single layer gra-
phene was too thin to withstand temperature cycle. In addition,
for the case of SEG-based sensor, the SEG film was composed of
overlapping graphene flakes rather than merging crystalline
domains and it contained the residues of the surfactant required
during the process. All of this explained the unreliability of the
SLG- and SEG-based sensors. In the instance of the TLG-based sen-
sor, a negative temperature coefficient behavior with a TCR of
—0.17%/°C within a temperature range of 30-45 °C was observed,
which was highly stable over ten temperature cycles (Fig. 8(a)).
Carbon paste was found to be the best option for the contact
points. The mechanical stability and washability tests of the TLG-
based sensor revealed no substantial change in its sensitivity
(Fig. 8(b) and (c)). In addition to being washable and lightweight,
the sensor can also operate at voltages as low as 1 V.

Wang et al. showcased another approach of developing
graphene-fabric resistive temperature sensors in [124]. The sensor
was developed through a simple dip-coating of a non-woven fabric
into GNPs that was dispersed by sodium alginate with optimized
concentration. The non-woven fabric was prepared through a
wet-spinning process of calcium alginate fibers. Fig. 9(a) and (b)
shows the illustration of the wet spinning and dip-coating pro-
cesses involved in the development of the temperature sensor.
The mechanical properties of the non-woven fabric before and
after coating of the GnPs/sodium alginate solution were investi-
gated. The thermal decomposition temperature of the fabric was
increased from 230 °C to 240 °C, whereas the tensile stress
increased from 99 MPa to 135 MPa. This suggested the enhance-
ment quality offered by graphene as indicated in a lot of studies.
Through temperature sensing tests, the developed sensor revealed
a negative temperature coefficient feature with a TCR of —1.55%/°C
within 20-45 °C temperature range (Fig. 9(c)). The sensor also
exhibited temperature distinguishability of 0.1 °C (inset of (Fig. 9
(c)), stability over time (Fig. 9(d)), and repeatability (Fig. 9(d)), all
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Fig. 7. Measured temperature-dependent conductance of fabricated sensors in [123]: (a) Si/SiO,-supported single-rGO flakes (green) and double-layer overlapping (red) rGO
flakes (the insets show microscopic images of each sample, respectively), (b) Si/SiO,-supported drop-casted rGO with polymer/material ratio of ink droplets of 1:5 (top three
lines) and 1:10 (bottom four lines), (c) graphene yarns coated with rGO (SH) (green), rGO (AA) (blue), and graphene flakes (black). Note: black dashed lines in (a)-(c)
correspond to the exponential fittings. (d) Fabricated knitted temperature sensor using the developed rGO-coated yarns. For a better sensor performance, the graphene yarns
were assembled only on the front side of the tubular knitted courses. (e) Resistance response of the knitted temperature sensor. Reproduced from [123] under a Creative
Commons Attribution 4.0 International License (CC BY 4.0). Copyright (2019) American Chemical Society.
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of which demonstrated its applicability for wearable body temper-
ature monitoring. Humidity seemed to affect slightly the perfor-
mance of the sensor, showing an increased resistance with a
maximum rate of 1.36% when the humidity increased from 20%
to 100%. This was discovered to be the result of the balance
between ionic conduction and swelling effects following the sensor
exposure to moisture. At high humidity, hydronium ions (Hs0")
were produced as charge carries through the ionization of
adsorbed water molecules. The transfer of these protons through
ionic conductivity reduced sensor resistance. When water mole-
cules entered into the sensor, however, the calcium alginate non-
woven fabric swelled, resulting in an increase in graphene dis-
tance, hence, deterioration of graphene connectivity. This led to a
decrease in sensor conductivity.

2.7. Graphene paper-based temperature sensors

Materials resembling free-standing paper or foil are an integral
part of our technological society. Their uses have varied from print-
ing, cleaning, packaging, toweling, to adhesive, electronic or opto-
electronic components, batteries, supercapacitors, and molecular
storage. The promising characteristics of graphene macroscopic
architectures with hierarchical structures and the demand for gra-
phene on a large scale, have led the researchers to develop gra-
phene paper. Graphene paper is a highly organized structure,
which uses graphene sheets as its building blocks. Due to the
inherent planar structure of the graphene sheets, it is possible to
effectively manage the periodic alignment of graphene nanosheets
into 2D graphene papers through various non-covalent forces such
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as hydrophobic effect, ionic interaction, hydrogen bonding and/or
m-1t stacking [125]. Recently, graphene papers have garnered a
great deal of attention because of their low-cost, ease of produc-
tion, versatile functionality, and most importantly their layer-by-
layer hierarchical structures, which combine intralayer strong sp?
bonds and interlayer crosslinks for efficient load transfer. Gra-
phene papers can be prepared through phase assembly, electro-
chemical deposition, and CVD techniques, and subsequently
functionalized with metal, metal oxide, polymer, semiconductor,
or even enzymes and proteins to enable various desirable func-
tions. Graphene composite materials in the form of paper are
becoming more prevalent and are demonstrating their suitability
for a variety of applications in the domains of energy storage, water
purification, and sensing.

Gong et al. in [126] introduced the use of graphene paper for
developing disposable temperature sensors. Such sensors are ben-
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eficial in infectious disease control and public health security. Their
complex manufacturing processes and poor performances, how-
ever, challenge their practical applications. The proposed concept
in [126], on the other hand, allowed for relatively easy and low-
cost fabrication of a flexible disposable sensor with high sensitiv-
ity. The sensor was developed by direct writing or mask spraying
of graphene nanoribbons (GNRs) ink onto a common paper sub-
strate. GNRs as a quasi-one-dimensional derivative of graphene
offered interesting features that were advantageous for the devel-
opment of disposable sensors. They included a good solution pro-
cessability and a low defect density. The latter enabled GNRs to
preserve good conductivity, allowing the prepared sensors to work
directly without subsequent reduction process. Fig. 10(a) shows
the schematic diagram of the fabrication process. The MWCNT
was suspended in a potent oxidizer and catalytic agent (such as
H,S04 and KMnOy,) to allow MWCNT to split and expand to pro-
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Fig. 10. (a) Schematic diagram of the fabrication process of GNRs-based temperature sensors in [126]. (b) Schematic diagram of thermal-activated carriers transport
mechanism in the developed sensor. Reproduced from [126] under a Creative Commons Attribution-Non Commercial 3.0 Unported (CC BY-NC 3.0). Copyright (2020) The
Authors.
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duce nanoribbons. This process created the GNRs ink. In order to
introduce certain oxygen-containing groups (such as hydroxyl
and carboxyl) into the nanoribbons, the GNRs ink was further
taken through an unzipping procedure. The induced oxygen-
containing groups provided the ink improved stability and disper-
sity in polar solvent like water. The ink spraying process was com-
pleted using a PET-based plastic mask and a pair of metal masks.
The final step included drying the prototypes at room temperature
and encapsulating them with scotch tapes. Through measurements
from 30C to 80C, the sensor showed a TCR of —1.27%/K, showing a
higher performance than most metals, which are in between 0.1
and 1%/K [126]. The oxygen functional groups and nanoscale lat-
eral dimensions provided GNRs with a certain bandgap and local
traps in the energy band, hence enhancing the thermally-
activated carrier transport. As illustrated in Fig. 10(b), by thermal
activation, some carriers localized in the traps in the energy band
can be released into the extend band, together with free carriers
from intrinsic excitation. This resulted in the high temperature
sensitivity of the developed sensor. Other advantages of the devel-
oped sensor included fast response and recovery time of 0.5 s, high
resolution of up to 0.2 °C, and excellent bendable properties. The
temperature sensor was also capable of performing other physio-
logical parameters monitoring, including respiration rate and
human touch.

3. Comparison of key performance

There are common attributes through which the performance of
a graphene-based temperature sensor can be determined. They
include stability, operating ranges, response/recovery time, and
TCR. Among those, TCR is considered the most critical parameter
as it represents the resistive nature of a component as a function
of temperature. Higher values of TCR correspond to higher sensitiv-
ity. The value of TCR determines whether a component can be used
in temperature sensing applications or simply as a stable resistor in
highly reliable circuits and systems. For the prior case, a high TCR is
expected, whereas a very low TCR is desired for the latter case. A
positive TCR indicates an increase in resistance as temperature
increases, whereas a negative TCR indicates a decrease in resis-
tance as temperature increases. As seen in previous section, some
graphene-based temperature sensors published in the literature
displayed negative TCR values, whereas others exhibited positive
TCR values. This interesting phenomenon may be related to the
unique properties of graphene as a semi-metal and zero-bandgap
semiconductor. When graphene has metallic characteristics,
charge carriers scattering determines the temperature dependence
of graphene resistance. As the temperature increases, the possibil-
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ity of phonon/charge carriers scattering increases and mean free
path of charge carriers reduces, which result in a decrease in
charge carrier mobility and hence an increase in resistance [115].
On the other hand, when graphene shows semiconducting charac-
teristics, thermally-activated charge carriers control the depen-
dency of graphene resistance on temperature. As the temperature
rises, the charge carriers mobility increases; hence, the resistance
decreases [108]. Cheianov et. al. also postulated that a negative
TCR in graphene is indicative of structural defects/disorders
[105]. Table 1 compares the performance of some graphene-
based temperature sensors reported in literature. We have also
included Table 2, which lists some non-graphene-based sensors
along with their corresponding performance. The two tables pro-
vide insight into the qualities that graphene may offer in the devel-
opment of temperature sensors for wearable applications. It is seen
that although the sensors presented in both the tables have been
able to perform with high efficiency, the graphene-based sensors
have additional interesting characteristics such as biocompatibility
and transparency. The biocompatible nature is advantageous for
wearable sensing as their ubiquitous presence would not create
any irritation on the skin. The transparency of these sensors can
be utilized to integrate with other flexible signal-conditioning cir-
cuits to form the next-generation transparent electronics. The
response time of some graphene-based sensors is also compara-
tively faster than the non-graphene ones. This could be associated
to the excellent electrical conductivity due to their zero band gap
and high electron mobility. The transparency and response time
of these graphene-based sensors can be varied by injecting other
conducting and semiconducting nanomaterials. It is also seen
through both tables that, the sensors whose composing materials
have characteristics similar to graphene, exhibit qualities similar
to graphene-based sensors. For example, the prototypes formed
using CNTs show high flexibility, high operating range and TCR val-
ues in a similar range. It can also be inferred that the combination
of any biocompatible polymer with these CNTs or other carbon-
based allotrope would allow the sensors to be used for wearable
applications.

The implementation of specific substrates and nanomaterials in
each of these sensors simultaneously changes their characteristics,
which allow them to be exploited for different applications. For
example, the sensors having a wide linear range are ideal for indus-
trial applications. Some of the specific uses under this category
include processing of food and beverages, petrochemicals, cosmet-
ics, pharmaceuticals and other engineering processes. Some of the
substrates provide unique qualities supporting the fast response
and high sensitivity of the developed sensors. For instance, the
use of PI would increase the heat resistance, inherent fire-
retardance and tear resistance. These sensors, when deployed as

Table 1
Performance Comparison of Different Graphene-based Temperature Sensors.
Ref Materials Operating range ~ TCR Response time Remark
[67] Graphene, PP textiles 30-70 °C —0.17%/°C NA Transparent, flexible, washable, durable
[75] GNWs, PDMS 35-45 °C 21.4%/°C ~1.6s Flexible, stretchable, biocompatible
[76] PHB/rGO, PET, PDMS 20-70 °C —0.8%/°C NA Flexible, stretchable, water resistant, no hysteresis, sensor array
[103] SA nanofibril/GO/PAM 25-65 °C —2%[°C ~25s Flexible, stretchable, durable, multi modal sensing (strain, temperature)
[106] GO, Al Cu, Glass —40-0 °C 59.3 kHz/°C ~ NA -
10-60 °C 46.1 kHz/°C
[108] rGO, PET, tape 30-100 °C —0.63%/°C ~12s Flexible, durable, water resistant
[109] rGO, PI, Cu 35-45 °C —0.743%|°C NA Flexible, biocompatible
[112] rGO, Pt 240-400 K —0.38%/K NA -
[113] PEDOT:PSS/rGO/PDMS 30-50 °C —1.69%/°C NA Flexible, stretchable, multi modal sensing (strain, temperature)
[115] GNPs/PDMS 25-75 °C 0.8%/°C ~1.32-391s Flexible, stretchable, durable, anti-interference (strain)
[121] LIG, PI 20-60 °C —0.1%/°C NA Flexible, easy & cost-effective manufacturing
[123] LIG, PI 30-40 °C —0.041%/°C NA Flexible, easy & cost-effective manufacturing
[124] GNPs, Non-woven fabric 20-45 °C —1.55%/°C ~26.3 s Flexible, anti-interference (strain, humidity)
[126] GNRs, paper 30-80 °C -1.27%/K ~0.5s Flexible, disposable, durable, sensor array
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Table 2
Performance comparison of non-graphene-based temperature sensors.
Ref Materials Operating TCR Response  Remark
range time
[20]  Ag, Kapton 20-60 °C 0.22%/°C NA Flexible, <5% hysteresis, simple fabrication
[130] CNT, PEDOT:PSS 20-80 °C —0.25%/°C ~1-2s Flexible, sensor array, multi modal sensing (strain-temperature)
[131] Stainless-steel foil, aluminum nitride, 30-80 °C —0.15%/°C ~1.7- Flexible
gold, chromium 23s
[132] Ag, PEDOT:PSS, glossy paper 25-45 °C 0.094%/°C and NA Flexible, durable, multi modal sensing (temperature, strain,
—1.39%/°C humidity), major hysteresis, disposable
[133] Nickel, PI —60- 0.44%[C <10 s Flexible, durable
180 °C
[134] MWCNTs/alumina composite 30-100 °C  —0.96%/°C ~40 s Flexible, free standing film, 0.64% hysteresis
[135] SWCNT TFTs, polyaniline nanofibers, 15-45 °C —1%/°C ~1.8s Flexible, stretchable, durable, no hysteresis, sensor array
PET
[136] V,0s 46-70 °C —3%[°C to —4%/°C NA -
[137] Ag, TPU 25-42 °C 0.234%/°C NA Flexible, 5.82% hysteresis
[138] MWHCNTSs, Si 22-200°C  0.103%/°C NA -

resistance temperature detectors (RTDs), can be used for electrical
power generation, monitoring and controlling of furnaces, oil level
sensors, intake air temperature sensors and automotive sensors in
industries. The sensors having high TCR values are suitable for the
measurement of the temperature of solids, liquids and gases in the
domestic environment. The use of nanomaterials like metallic
nanowires is not suggested in these kinds of sensors to minimize
the toxicity levels. Certain graphene-based temperature sensors
can also be used in different home appliances like refrigerators,
air confectioners, heaters and freezers to maintain regular temper-
ature for cooking and storage purposes. The use of some of these
temperature sensors for wearable sensing would be beneficial if
they are considered for both on-body and implantable sensing
uses. The changes in the internal and external body temperature
can be determined to study the effect of a medicine. These sensors
can be attached to athletes can to monitor the minor changes in
the core temperature. Apart from PDMS, other biocompatible poly-
mers like polylactic acid [127], cellulose [128] and chitosan [129]
should be used alongside graphene to form the wearable sensors.
Nanoparticles with a size of <100 nm can be used to amalgamate
with graphene to form composites-based temperature sensors.

4. Wireless sensor network

Wireless sensor network (WSN) is the key technology for con-
tinuous sensing and wirelessly transmitting data from the devel-

oped sensors described in the previous sections, particularly to
enable the internet of things (IoT). Fig. 11 depicts a schematic dia-
gram of typical wireless sensor network and the flow of the data
from the sensing to the cloud [139]. Typically, sensors provide
the data output in a digital or analogue form. If the sensor’s capac-
itance or resistance changes as a function of the sensing parameter,
a Capacitance to Digital Converter (CDC) or Resistance to Digital
Convert (RDC) is typically required to convert the data into a digital
form. In most cases, the sensor and signal conditioning circuit such
as CDC and RDC have limited or no computation and processing
capabilities, and thus an additional processing unit such as micro-
controller unit (MCU) is incorporated for data processing. The pro-
cessed data is subsequently transmitted wirelessly to the sink node
or gateway/base station with the help of radio transceiver. Further,
sink node or gateway forwards these data to the cloud via Wi-Fi,
Ethernet or cellular network (e.g., 2G to 5G).

In the context of wearable healthcare sensors and systems, con-
tinuous accessibility and operation of the sensed data are generally
required. The advancement of cloud computing technology pro-
vides a great opportunity to further analyze or store sensor data
within the IoT cloud, where an authorized user may easily retrieve
the data from any internet-connected device such as smart phone
or computer as needed. Different technologies can be employed to
enable wireless transmission, such as Bluetooth Low Energy (BLE),
Radio Frequency Identification (RFID), Near Field Communication
(NFC), ZigBee, and Long Range Wide Area Network (LoRaWAN) to
name a few. The sensing device cost, the number of sensor nodes,
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ﬁ
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Fig. 11. Block diagram of a typical wireless sensor network.
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the target communication range, the device life-time, and the
power consumption are some major factors to consider when
choosing a communication architecture. In regards to power, the
consumption of the graphene-based temperature sensors is low,
generally ranging from a few tens to a few hundreds of pwW
[67,100,140-142].

In [143], Kovalska et al. showed the use of battery as a power
source to power the planar graphene-based temperature sensors.
Sensed temperature was calculated from obtained sensor resis-
tance value which was subsequently sent wirelessly to the data
receiving unit. An experimental testbed based on WaspMote by
Libelium evaluation board was designed for temperature measure-
ment tests. WaspMote transferred the data through BLE to the
user’s smartphone, which then sent the received data to the
ThingSpeak cloud service through Wi-Fi. The same practice was
done by Somov et al. in [144]. The communication module was
employed on a sensor tag board consisting of a microcontroller
unit for processing the data and RF transmitter. The unit also con-
sisted of an exponential filter to reduce the noise levels. The sensor
tag transmitted the data to a smartphone using Bluetooth, which
then sent the data to the cloud using Wi-Fi services. The wireless
data transmission quality was tested in a direct line-of-sight condi-
tion from of 0.5 to 10 m distance, where reasonable Received Sig-
nal Strength Indicator (RSSI) metrics were demonstrated, i.e., from
0.5 m (-59 dBm) to 10 m (—95 dBm).

Another work that incorporated wireless functionality for the
transmission of monitored data can be seen in [145]. These devices
measured the core body temperature by using graphene-inked
infrared thermopile sensors. The sensors operated as ear-based
devices fabricated using 3D printing technology. The communica-
tion system consisted of a data processing (Arduino Pro Mini)
and a Bluetooth module. The entire sensing system operated on a
3.7 V, 850 mAh rechargeable lithium-polymer battery. The sensors
were used for measuring the change in temperature of ten subjects
under resting and exercising conditions for a total duration of
25 min. The graphene-inked thermopiles measured a temperature
of 0.06 °C higher than that of the original MLX90614-DCA ther-
mopile. The exercise caused an increase in the blood flow, causing
an increase in the skin and skeletal muscles, and as a result of
which, the heat was dissipated, leading to a small reduction of core
temperature. Another example is shown in work done by Zhou
et al. on flexible rGO-based temperature sensors integrated at a
3D-printed robot fingertip [146]. The robot finger was also used
to house the integrated circuit having an external Bluetooth to
allow for real-time sensing and wireless transmission of the sensed
data to a mobile phone.

5. Challenges and opportunities

Although a significant amount of research has been conducted
on the use of graphene in the fabrication of wearable temperature
sensors, there are still gaps in the current sensors that need to be
addressed.

When the precursor materials consisting of graphene platelets
and graphene nanowalls are annealed to generate rGO, the heating
temperature must be low and accurate [147,148] from a manufac-
turing standpoint. Otherwise, the mechanical strength of the gen-
erated rGO is severely compromised, affecting the overall
performance of the sensors. Instead of nanocomposite-based sen-
sors, the use of suspended graphene for producing flexible thermis-
tors should be promoted. This is not only due to advantages such as
high elasticity, optical transparency, high electron mobility, and
high thermal and electrical conductivity [149], but also due to dis-
advantages associated with nanocomposite-based sensors, such as
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compromised electrical conductivity, lack of structural integrity,
long-term stability, and low repeatability of responses [150,151].

Alternatives to the CVD or Hummers method for the fabrication
of graphene should be studied due to the high fabrication cost and
generation of toxic gaseous by-products [152]. One alternative
solution is laser-induced graphene, which is advantegous because
to its eco-friendliness, adaptability, and adjustable morphologies
[45]. In this regard, research should be encouraged into the possi-
bility of photothermal graphene production from commercial poly-
mers other than PI. A comparative analysis of the physicochemical
properties of graphene products derived from different commercial
polymers is required to reveal their sensing applications.

The cost of these sensors is an additional problem that must be
addressed, particularly those requiring the use of standard pho-
tolithographic and etching processes. Employing additive tech-
niques such as screen printing, inkjet printing, and 3D printing
should be encouraged due to their low cost, high accuracy, speed,
and capability to enable roll-to-roll production. Particularly, 3D
printing technology enables the production of integrated and
miniaturized sensor systems in a single manufacturing step. Fur-
ther efforts are required not only on the development of
graphene-based inks or 3D-printable filaments with rheological
properties suited for an effective and efficient additive process,
but also on the optimization of the printing process using the pro-
duced constituent materials. For instance, while using the 2D-
printing techniques to fabricate the sensors, certain parameters
like surface tension and viscosity of the inks on the flexible sub-
strates should be analyzed and optimized to avoid the formation
of an additive layers between the electrodes and substrates. Fur-
ther thoughts on the sensor designs are required following the
capabilities of the 2D or 3D printer technologies used. The forma-
tion of symmetrical electrode design, for example, should be
encouraged for an efficient roll-to-roll 2D production. 3D printing,
on the other hand, eliminates the manufacturing limitations that
2D printing imposes - practically any shape, complexity, and func-
tionality can be realized. Various carbon or metallic nanomaterials
can be incorporated within the conductive inks or printable fila-
ments to boost certain qualities leading to a new generation of
graphene-based temperature sensors.

The emergence of wearable electronics over the last decade has
sparked a rising interest in clothing-integrated sensors as we enter
the era of intelligent fabrics and even intelligent skin [104,153-
161]. From just managing body temperature, other additional uses
have evolved, including the ability to telecommunicate with
humans or computers, detect changes in heart rhythm, track
human activity, and even recreate the composition of human skin
to aid healing. The fundamental mechanism behind these tech-
nologies is the employment of sensors that can detect a variety
of parameters. In this context, the concept of enabling graphene-
based temperature sensors with multifunctionality, including
heating, sensing of humidity, strain, gas, blood pressure, and even
biochemical, to name a few [18,62,155,162-164], while concur-
rently suitable for textile or skin integration, i.e. being flexible,
elastic, breathable, and washable, must be advanced. The same
thing applies to the concept of sensor array for improved sensitiv-
ity and selectivity. As a result of the COVID-19 health issue, it has
become evident that creative ways to avoid infection are also
required for smart textiles. From an application standpoint, adding
antimicrobial capabilities to graphene textile-based sensors is an
attractive path to study. In addition to protecting us from danger-
ous infections, another study area would be the development of
intelligent sensors that do not pose a risk of provoking adverse
immune reactions, therefore accelerating the healing process when
applied to the skin. Using graphene-based sensors for detecting the
variation of temperature during the administration of drugs or
medicines would be an intriguing object of investigation in the



A. Nag, Roy B.V.B. Simorangkir, D.R. Gawade et al.

application domain. This will assist not only people in maintaining
a balanced health state, but also the pharmaceutical industry in
understanding the adjoining effects of newly created medications.
The change in human body temperature in relation to an individ-
ual’s emotional state may also be examined to aid businesses in
identifying the anxiety level associated with each assignment.
The link of these graphene-based temperature sensors to the food
industry is also possible, since the influence of each ingestible item
on the body’s temperature over time may assist in determining the
appropriate diet for individuals.

Further work should also be done on the aspect of sensitivity,
robustness and longevity of graphene-based temperature sensors.
The modification of the graphene band gap in order to tailor the
sensitivity of prototypes is one of the areas that may be further
explored. Mixing semiconducting nanoparticles may also be used
to improve accuracy and precision while simultaneously reducing
power consumption. Selecting nanomaterials with a low Young’s
modulus will boost the mechanical flexibility of the sensors. Gra-
phene should be combined with hydrophobic materials in order
to maximize the washability of the resulting sensors. Further
investigations are required to boost further the robustness of
graphene-based sensors against multiple washing. Other polymers
than PDMS should be used to build the substrates of these sensors
in order to achieve water resistance and biocompatibility. Addi-
tionally, the toxicity of body-attached sensors should be investi-
gated further. In the context of flexible, stretchable, and bendable
temperature sensors, it is, however, challenging to balance
between having high temperature sensitivity and high flexibility/
stretchability. In the literature, often highly-sensitive sensors are
limited to low strain ranges. On the other hand, to ensure sensing
accuracy in wearable applications, often the temperature sensitiv-
ity should also be independent of the strain applied to the sensors.
There are still spaces for further investigations of graphene to the
above context.

6. Conclusions

This article provides a comprehensive overview of the develop-
ment and implementation of wearable temperature sensors based
on graphene. The significance of temperature measurement lies in
the ability to study the condition of a subject under the influence of
different environmental conditions. Graphene has been used in a
variety of forms as a sensing element, with its physiochemical
compositions influencing the performance of the resulting sensing
device. Diverse manufacturing strategies were described for fabri-
cating temperature sensors using various graphene variants in con-
junction with other materials. Sensor characterizations were
conducted as a proof-of-concept and in real time scenario across
a wide temperature range. In order to monitor sensed data, the
developed devices performed through wired and wireless opera-
tions. The graphene sensors were combined with a communication
module, such as BLE, to transmit data to the monitoring unit for
further analysis. Graphene-based wearable sensors have a signifi-
cant potential for multifunctional applications that may be investi-
gated to expand the influence of nanomaterials-based sensing
systems on people and society. Significant progress has been
achieved, yet much remains to be accomplished.
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