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Abstract
The dissemination of sensors is key to realizing a sustainable, ‘intelligent’ world, where everyday
objects and environments are equipped with sensing capabilities to advance the sustainability and
quality of our lives—e.g. via smart homes, smart cities, smart healthcare, smart logistics, Industry
4.0, and precision agriculture. The realization of the full potential of these applications critically
depends on the availability of easy-to-make, low-cost sensor technologies. Sensors based on
printable electronic materials offer the ideal platform: they can be fabricated through simple
methods (e.g. printing and coating) and are compatible with high-throughput roll-to-roll
processing. Moreover, printable electronic materials often allow the fabrication of sensors on
flexible/stretchable/biodegradable substrates, thereby enabling the deployment of sensors in
unconventional settings. Fulfilling the promise of printable electronic materials for sensing will
require materials and device innovations to enhance their ability to transduce external
stimuli—light, ionizing radiation, pressure, strain, force, temperature, gas, vapours, humidity, and
other chemical and biological analytes. This Roadmap brings together the viewpoints of experts in
various printable sensing materials—and devices thereof—to provide insights into the status and
outlook of the field. Alongside recent materials and device innovations, the roadmap discusses the
key outstanding challenges pertaining to each printable sensing technology. Finally, the Roadmap
points to promising directions to overcome these challenges and thus enable ubiquitous sensing for
a sustainable, ‘intelligent’ world.
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1. Introduction to printable electronic materials for next-generation sensors

Vincenzo Pecunia1, Luisa Petti2 and Joseph B Andrews3,4
1 School of Sustainable Energy Engineering, Simon Fraser University, Surrey, BC V3T 0N1, Canada
2 Faculty of Engineering, Free University of Bozen-Bolzano, Bolzano, Italy
3 Department of Mechanical Engineering, University of Wisconsin—Madison, Madison, WI 53716, United
States of America
4 Department of Electrical and Computer Engineering, University of Wisconsin—Madison, Madison, WI
53716, United States of America

Universal access to fundamental necessities such as food, medical care, and clean air, water, and energy
remains a pressing priority in achieving sustainable development [1]. Sensors have emerged as a crucial
technology to address these challenges [2]. Through sensors, we can obtain data from the physical world to
optimize our use of resources, reduce waste, and improve our health and environment (figure 1(a)). For
instance, sensors can enhance food production by providing farmers with more accurate control over their
crops; reduce food waste through smart packaging that accurately monitors food spoilage; and improve
access to clean water and air by monitoring water resources and air quality. Moreover, sensors can enable
manufacturing with higher yield and reduced waste; and deliver accurate health data for tailored healthcare.

To fully realize the potential of sensors for sustainable development, it is essential to disseminate them
widely and provide them with data processing and connectivity—e.g. via the Internet of Things. In fact, it has
been predicted that 45 trillion sensors are necessary to enable sustainable development by the mid-2030s [2].
To make this possible, sensors should be easy to fabricate, low-cost, and seamlessly integrate into daily objects
and environments, making them affordable for everyone and easily adaptable to different applications.

Printable electronic materials offer a unique opportunity to realize a trillion-sensor universe [3, 4]. This
class of materials—including organic semiconductors, carbon nanotubes (CNTs), metal oxides,
two-dimensional (2D) materials, halide perovskites, and colloidal quantum dots—can be engineered to
respond to a wide range of stimuli for a broad spectrum of applications (figure 1(a)). Since they can be
formulated into inks, these materials enable sensor fabrication using low-cost and high-throughput methods
such as printing and coating (figures 1(b) and (c)). These methods are characterized by low energy and
material consumption, allowing sensor fabrication with a favorable environmental sustainability profile [5].
Certain classes of emerging printable electronic materials also allow the fabrication of biodegradable sensors,
thus offering additional advantages from a sustainability standpoint. Moreover, the sensing capabilities of
printable electronic materials can be adjusted by modifying ink compositions and deposition parameters,
enabling the customization of sensors for different applications. Printable electronic materials are also
typically compatible with sensor fabrication on flexible/stretchable substrates (figure 1(c)), resulting in
sensors that are compact and lightweight, hence widely deployable. Importantly, all these features contrast
with conventional sensor technologies (e.g. silicon-based sensors), which have complex and costly
manufacturing, substantial carbon footprints, limited customizability, and rigid form factors.

Alongside the wide range of benefits discussed above, printable sensors provide considerable market
opportunities. The printed sensor market has a worldwide footprint, with growth demonstrated in North
America, Europe, and Asia [7]. It was valued at 9.7 billion USD in 2022 and is projected to grow to 15.3
billion USD by 2030, with an annual growth rate of 5.9% [7].

In recent years, considerable progress has been made in printable sensor technologies, as exemplified by
the advances in wearable devices for human health monitoring. Nowadays, screen-printed wearable smart
sensors are being developed by several companies and research centers, such as BTI Butler Technologies Inc.,
Quad Industries, Holst Center, and VTT. While these sensors are expected to reach the market in two to three
years, research is already moving towards more performing solutions, including epidermal [8] and sweat
biosensors [9].

Printable sensor technologies are also becoming increasingly important in other emerging fields,
especially in precision agriculture. This field urgently calls for low-cost, sustainable, self-powered, and
biocompatible/degradable sensors for soil monitoring (e.g. for the detection of soil microbial activity and
moisture) [10]. Although research on printable degradable soil sensors is still in its infancy, various political
actions against climate change (e.g. the United Nations Sustainable Development Goals) promise rapid
growth for this technology, with a trend that could potentially follow the one observed with wearable sensors.

Advancing research in printable electronic materials is crucial to unlocking the full potential of printable
sensors, as these materials are at the core of such sensors. Despite covering a diverse range of materials,
devices, and applications, printable sensor research shares several common overarching goals and challenges,
as illustrated in figure 2 and discussed in the following.
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Figure 1. (a) Sensors based on printable electronic materials: (left) examples of applications areas, (center) types of stimuli that
they can sense, and (right) key advantages. (b) Representative methods that can be used to deposit printable electronic materials
for sensor fabrication. The sketches representing inkjet printing and spin coating are reproduced with permission from [6], with
permission of IOP Publishing Limited through PLSclear (© IOP Publishing Ltd 2020). (c) Roll-to-roll manufacturing of flexible
sensors comprising various printable electronic materials, which are deposited sequentially as the flexible substrate is seamlessly
moved through the production line. Reproduced from [5], with permission from Springer Nature.

Sensitivity. To ensure sensor functionality, printable electronic materials are required to enable high
sensitivity S to the stimulus being sensed (S= output signal/stimulus magnitude; see figure 2).
Consequently, a grand challenge faced by most printable sensor technologies is to develop new printable
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Figure 2. Grand challenges in printable electronics materials for next-generation sensors. This Roadmap extensively discusses
these challenges in the context of a wide range of printable sensor technologies.

electronic materials and create innovative device architectures and fabrication methods to achieve sensitivity
levels that rival or surpass conventional sensor technologies.

Selectivity. A grand challenge facing various types of printable sensors (e.g. spectrally selective light sensors
and chemical sensors/biosensors, including gas sensors) is to develop robust approaches to achieving
selectivity in their responses—i.e. the ability for a sensor to discriminate between the target stimuli/analytes
(in1; see figure 2) and interfering stimuli/analytes (in2; see figure 2). Such sensors should display low or zero
cross-sensitivity—i.e. they should not be sensitive to the interfering stimuli/analytes.

Detection limit and dynamic range. Sensors must be also optimized for detection limit, while maintaining an
appropriate dynamic range. The detection limit (also called limit of detection) is the smallest change in the
stimulus being sensed that elicits a response from the sensor that is statistically different from the response in
the absence of the stimulus [11, 12]. As electronic noise plays a fundamental role in determining the
detection limit, a grand challenge in printable sensors research is to identify, understand, and minimize their
noise sources. On the other hand, the dynamic range is the range of stimulus levels that can be quantitatively
measured by the sensor, spanning from the detection limit to the stimulus level at which the sensor response
saturates (figure 2). At times, however, optimizing a sensor for a lower detection limit can result in a
narrower dynamic range. Therefore, achieving the best balance between detection limit and dynamic range
for the intended application is an important challenge to be tackled for many printable sensor technologies.

Speed of response. Although most target applications of printable sensors involve slowly varying signals with
frequencies up to around 1 kHz, some high-end applications (e.g. light sensing for optical communications)
require exceptionally fast response times. Consequently, identifying and overcoming speed bottlenecks
related to materials properties, processing conditions, and device architectures is a significant challenge for
printable electronic materials used in sensing.

Eco-friendliness. To fully leverage the favorable environmental sustainability profile of printable sensors, an
important research priority is to improve the sustainability of their printing processes and bill of materials.
This firstly concerns identifying eco-friendly solvents and materials for printing [13], as well as reducing the
process temperatures [13]. Moreover, enabling the recycling and reuse of materials employed in printable
sensors could drastically improve their cradle-to-grave life cycle sustainability [14].

Flexibility/stretchability. A major challenge in developing printable sensors that require flexibility or
stretchability is accounting for mechanical parameters during the design phase. Specifically, the goal is to
achieve a response that is not affected by bending or stretching. In turn, this requires a detailed
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are still some bottlenecks, particularly concerning their long-term reliability, that must be considered to
allow their commercialization. Recent findings and materials optimizations have shown that there are good
chances to overcome such issues and possibly turn these devices and systems into real products soon.
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4.6. 2Dmaterials for mechanical sensing
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Status
Layered crystals have a wide range of electronic, electrochemical and photonic properties but their true
potential is only fully unlocked once they are exfoliated into 2D layers [320]. There was a massive increase of
interest in 2D materials following the first isolation of graphene in 2004, that prompted a flood of research
into its unique physical properties. It is now recognized that there is a whole family of 2D materials with a
range of properties that can be prepared from different layered crystals that include hexagonal boron nitride,
transition metal dichalcogenides, and MXenes [321]. One of the best ways of preparing 2D materials in large
quantities is the exfolation of layered crystals in a variety of liquids [322] and this lends itself to the
development of liquid-phase ‘2D inks’ as solution-based media that can be used in different surface
deposition methods such as spin coating, ink-jet printing, spray coating and drop casting [320]. The
optimum solvents for liquid-phase exfoliation are not necessarily the best media for ink applications. The
formulations of the 2D inks are therefore usually adapted for the type of 2D nanomaterial and the specific
deposition technique being employed to optimize the rheology, drying behavior wettability and adhesion to
the substrate [320].

One of the main attractions of monolayer graphene is that it exhibits very high electrical conductivity
(� 106 S m� 1). When it is incorporated in an electrically-insulating polymer matrix to form a 2D
nanocomposite, it can lead to the polymer being able conduct electricity as shown in figure 32(a) [323]. The
level conductivity of the nanocomposite is found to depend upon a number of factors such as the type of
graphene, polymer matrix and graphene dispersion. The most characteristic feature is, however, that the
conductivity first increases rapidly with the level of graphene loading (e.g. weight or volume fraction) until it
reaches a critical value, known as the percolation threshold, at which point the conductivity reaches a plateau
level [324]. The percolation threshold corresponds to the formation of a conductive network of the nanofiller
particles and this phenomenon can be exploited for mechanical strain sensing [325]. If a nanocomposite
with a composition near that of the percolation threshold is deformed it is found that its resistivity (R)
changes with strain as shown in figure 32(b). This is because the deformation causes a reversible change in
the contacts between the conducting filler particles in the nanocomposites and shown schematically in
figure 32(c) [326]. The dependence of the change of resistivity (or conductivity) on strain is often linear, as
seen in figure 32(b), and is usually characterized in terms of the ‘gauge factor’ G defined as G= (∆R/R0)/ε,
where ε is the strain and R0 the zero-strain resistivity. Conventional metallic resistance strain gauges have a
value of G in the range 2–5. Semiconductor-based strain gauges, based upon boron-doped silicon or
germanium, can have gauge factors>100 (depending upon the level of doping) and both types of strain
gauge are also only capable of measuring strain at relatively low levels (<5%). The first strain gauges based
upon spray-deposited percolative films of 2D materials reported gauge factors in excess of 150 and the ability
to measure strain reversibly over 4000 cycles [325].

Current and future challenges
One of the main potential applications of strain sensors based upon printed 2D materials is in the area of
stretchable, skin-mounted and wearable strain sensors for healthcare monitoring [282]. The challenge of this
application is that it requires strain sensors with a high gauge factor, based upon flexible low-modulus
materials that are capable of measuring high levels of strain and being cycled reversibly many times without
significant levels of hysteresis [327].

The gauge factors of strain sensors based upon printed 2D nanocomposites are found to depend upon a
number of factors and considerable effort is now being expended upon maximizing the value of G and over a
large sensing range for particular strain sensor systems [328]. The response of a strain sensor may also
become non-linear over a range of high strains, which can be a challenge. Boland [328] introduced a
parameter known as the working factor (W), the maximum strain to which the sensor response is linear, as a
figure of merit defining the limitation of the mechanical response of a particular strain gauge system. He also
pointed out that the Young’s modulus (E) of the strain gauge is an important consideration in the
performance of a strain gauge and suggested benchmarks of G> 7,W > 1 (i.e. 100%) and E > 300 kPa for
the optimum sensing of motion in the human body. Figures 32(d) and (e) show the use of a
graphene/polymer strain gauge for monitoring the pulse in a human wrist and the resistance changes
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new generation of strain sensors based upon the strain-induced Raman band shifts of 2D materials has also
been discussed. Such sensors would have the advantage of being able to monitor strain remotely in
micron-sized regions with the possibility of directional strain measurement through employing a polarized
Raman laser beam. Additionally monolayer transition metal dichalcogenides undergo strong
photoluminescence with PL peaks that undergo large strain-induced shifts. This gives rise to an additional
non-contact optical technique again based upon 2D materials in the form of printable inks or polymer-based
nanocomposites.
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5.1. Introduction to printable temperature sensors

Tomoyuki Yokota and Takeo Someya
Department of Electric and Electronic Engineering, The University of Tokyo, Tokyo, Japan

Temperature is one of the most commonly encountered physical quantities in our daily lives. It is crucial in
various aspects, from weather forecasts to body temperature monitoring for health reasons. Moreover,
temperature considerations are crucial in the design of household appliances, such as computers,
smartphones, and digital cameras, particularly to reduce the heat generated during their operation [335,
336]. Among the different types of temperature sensors available, resistance temperature detectors (RTDs)
[337] and thermocouples [338] are the most commonly utilized. RTDs utilize a metal or semiconductor
material whose resistivity changes with temperature. They are known for their ease of miniaturization and
high accuracy. On the other hand, thermocouples generate an electromotive force by joining two different
metals, creating a temperature difference between the contacts.

When evaluating temperature sensors, key benchmarking elements include sensitivity, linearity, response
speed, and temperature range. Sensitivity refers to the percentage change in the output signal, such as the
resistance, capacitance, and voltage, for a given percentage change in temperature. Metal-based RTDs
typically exhibit constant sensitivity over a wide temperature range (for example, Pt RTDs exhibit good
linearity from � 200 � C to 600 � C). In contrast, semiconductor-based RTDs exhibit high sensitivity within a
specific temperature range and low sensitivity outside of this range. In the case of thermocouples, their
sensitivity and temperature range are determined by the metals they comprise. A typical thermocouple
utilizes a rhodium–platinum alloy and platinum, which provide stability. This thermocouple demonstrates a
sensitivity of 5–15 µV � C� 1 and can effectively operate from 0 � C to 1600 � C. Thermocouples exhibit a faster
response compared to RTDs. The response speed is defined as the time required for a temperature sensor to
respond to a 90% step change in temperature. The heat capacity of a sensor is crucial in determining its
response time. The sensor structure should be carefully designed to increase response speed.

Compared with resistance thermometers, thermocouples possess a simple structure and are
cost-effective. These temperature sensors have been successfully miniaturized as well, making it challenging
to replace them with temperature sensors fabricated using printing processes. However, in recent years, novel
applications have emerged that require flexibility [339, 340] and multi-point temperature measurements
[259, 341] instead of conventional single-point temperature measurements (figure 34). Many applications
utilize a large area; one notable application is the use of artificial skin in robotics. For instance, it is asserted
that the human palm contains approximately four temperature sensors per square centimeter [342].
Therefore, large-area multi-point sensors are crucial for realizing electronic skins. These applications require
a high sensitivity of at most 0.1 � C, temperature responsiveness similar to human sensory perception, and
stability in various environments. Moreover, if the measurable temperature range can be increased, in the
sensor can be employed in temperature regulation and quality assurance inspections within industrial
production lines. A promising application is in healthcare sensors [343–345]. Because healthcare sensors are
expected to measure body temperature over an extended period, placing a temperature sensor that adheres
closely to the skin surface is crucial. This can be effectively achieved by utilizing a printing process to
integrate the sensor onto a flexible substrate [346, 347]. Unlike conventional rigid substrates, flexible
substrates are composed of soft materials, enabling the sensor to conform to the skin’s contours and securely
attach to it. This enables accurate monitoring of body temperature [348, 349]. In addition to monitoring
body temperature, flexible temperature sensors also find valuable applications in wound monitoring [350].
The healing process involves increased blood flow, which results in a slight increase in body temperature.
Therefore, the utilization of printed temperature sensors with multiple points allows for the tracking and
mapping of wound conditions over time.

Therefore, a significant number of temperature sensors that can be fabricated via printing have been
developed in recent years. To fabricate a temperature sensor using a printing process, a functional ink that
contains a material whose carrier mobility or crystal structure changes with temperature should be
fabricated. A wide range of materials are being explored as potential candidates, including polymer materials
(section 5.2) and metals (section 5.3), which are also utilized in conventional temperature sensors. In
addition, next-generation semiconductor materials, such as organic semiconductors and CNTs (section 5.4)
as well as 2D materials, like graphene and MXene (section 5.5), are being utilized. The detailed reports on
printed temperature sensors for each material are introduced in the following sections. These materials can
be transformed into ink by dissolving them in a solvent or by dispersing pulverized nanoparticles or flakes in
a solvent. Therefore, temperature sensors can be fabricated on various substrates, such as rubber and
polymers by utilizing the printing process. Some printable temperature sensors exhibit properties
comparable to those of conventional temperature sensors. For example, nickel ink-based RTDs demonstrate
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transition temperature or melting point of the polymer. Beyond their application as temperature sensors,
their application in protection circuits, such as thermal fuses, has been reported as well.

Concluding remarks
As elucidated earlier, several studies on the development of printed temperature sensors are underway, with
an increasing number of reports showcasing novel applications, such as temperature distribution
measurements and measurements of body temperature in daily life. However, several issues regarding printed
temperature sensors remain unresolved, such as device variation and the stability of sensor characteristics. To
mitigate device variation, it is imperative not only to enhance the stability and uniformity of functional inks
but also to enhance printing and drying methods. Another critical concern revolves around the impact of
distortion on device characteristics. Unlike conventional sensors that remain solid, flexible substrate-based
sensors undergo distortion when the substrate is bent, causing changes in their characteristics. This
distortion-induced change is particularly significant for temperature sensors with minimal resistance
fluctuations, such as resistance thermometers, rendering accurate temperature measurement unattainable.
Furthermore, thermistors exhibit hysteresis in response to temperature changes. Therefore, this hysteresis
should be minimized to a certain extent to achieve precise temperature measurements.
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5.2.π-conjugated polymer-based temperature sensors
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Status
π-conjugated polymers are a special class of polymers with an extended � -conjugated system that endows
them with unique electronic properties and can be processed into inks for printed electronics. These
polymers can be used for temperature sensors by exploiting their temperature-dependent electrical
resistance. Conjugated polymer-based temperature sensors enable low cost, high throughput, and ease of
large-scale fabrication, making them attractive for a wide range of applications.

Pristine conjugated polymers have very low conductivity, whereas after chemical, electrical or
electrochemical doping they become conductors. In general, charge transport in moderately conductive
conjugated polymers follows a variable range hopping model [358], and the resistance of conjugated
polymers decreases with increasing temperature, exhibiting a negative temperature coefficient. These
characteristics allow conjugated polymers to be used for thermistor type temperature sensors, where
chemically doped conjugated polymers are used as the channel material between two electrodes [358–362].
The resistance of the device is measured as the output versus temperature, and the sensitivity is expressed
using the temperature coefficient of resistance (TCR). Organic FETs based on pristine conjugated polymers
can also be used as temperature sensors [363]. The conjugated polymer channel becomes conductive under a
gate bias, and its conductivity varies with temperature in a manner similar to that of chemically doped
conjugated polymers. Some conductive conjugated polymers are excellent thermoelectric materials, and their
thermoelectric response can used to detect temperature changes [364]. Thermoelectric temperature sensors
detect voltage changes caused by temperature fluctuations. Among them, the thermistor type temperature
sensors are very simple and easy to fabricate and have been most widely studied. Representative conjugated
polymers used for thermistor type temperature sensors are shown in figure 35.

Conjugated polymer-based temperature sensors have potential applications in various fields, including
smart packaging, electronic skin for robotics, biomedical sensing, and environmental monitoring. For
example, they can be used to monitor the temperature of perishable goods during shipping and storage. In
biomedical sensing, they can be used as smart patches and tattoos to monitor body temperature or detect
temperature changes in biological samples. In environmental monitoring, they can be used to monitor
temperature changes in air and water. They can be integrated into electronic devices such as smartphones,
smartwatches, and wearable technology. Although this research field is still in its infancy, with most of the
work done within the past decade, conjugated polymer-based temperature sensors have shown great
application potential and accelerated efforts are needed to commercialize this technology.

Current and future challenges
Despite their attractive features, conjugated polymer-based temperature sensors still face several challenges
that need to be addressed before they become a commercial reality.

Insufficient sensitivity and accuracy. The sensitivity and accuracy of conjugated polymer-based temperature
sensors may be affected by numerous factors such as the intrinsic properties of the material, material
composition, device configuration, and processing conditions. When conjugated polymers are used as the
sole sensing material in thermistor type sensors, the TCR of the sensors is typically<1%/� C, which is
insufficient for achieving the high accuracy and reliability required for some applications such as monitoring
the body temperature of patients.

Poor long-term stability and durability. Conjugated polymer-based temperature sensors are usually not as
durable as inorganic material-based sensors, and can degrade over time due to environmental factors such as
moisture and exposure to ultraviolet light. For example, PEDOT:PSS-based temperature sensors are
extremely sensitive to the ambient humidity due to the highly hygroscopic nature of the dopant PSS. Small
changes in the water uptake in PSS lead to microstructural changes, resulting in significant changes in the
electrical resistance of PEDOT:PSS. The PEODT:PSS layer can be encapsulated with a hydrophobic polymer
layer to improve the ambient stability of the sensor [355]. However, the long term stability of these
encapsulated devices remains a concern especially for wearable devices.

Limited sensing temperature range. Conjugated polymer-based temperature sensors typically experience a
significant decrease in sensitivity around 40 � C–50 � C due to increased interchain distances in the
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develop new conjugated polymers with higher sensitivity and long-term stability to meet application
demands. Biocompatibility, green manufacturing, and biodegradability are additional challenges in
developing conjugated polymers for temperature sensors. The final step, integration of conjugated
polymer-based sensors with other devices and elements to form high-performance, cost effective, and green
sensor systems is also very challenging, which requires joint efforts of several disciplines. Nonetheless, the
development of new materials, substrates, and fabrication techniques is expected to make conjugated
polymer-based temperature sensors a commercially viable technology and widely used in various
applications in the near future.
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5.3. Printed metals for temperature sensing
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Temperature measurement can be performed using thermocouples, RTDs, and thermistors (figure 37).
Thermocouples are constructed using two metals or metal alloys. They usually operate in a temperature range
of � 270 � C–1600 � C with a Seebeck coefficient varying from 5 µV � C� 1 to 40 µV � C� 1. Conventionally,
thermocouples are fabricated by sputtering or microfabrication. Low-cost fabrication methods such as
printing have been utilized for fabricating thermocouples. Printed thick thermocouples would lead to long
response time. Hence, the recent focus has been on printing thin-film thermocouples. Platinum-gold based
thin-film thermocouple was fabricated using screen-printing. The response time of the platinum-gold
thermocouple was 8.6 µs, 10.1 µs, 11.2 µs, and 12.3 µs with thickness of 2.7 µm, 5 µm, 16 µm, and 20 µm,
respectively [367]. High sintering temperature associated with printed metals for thermocouples such as
platinum can hinder their use on polymeric substrates. Silver and nickel-based screen-printing inks were
used to lower the sintering temperature to 200 � C; the silver ink included 70 wt% silver content and flake size
of 1.5–4 µm, while the nickel ink had 62 wt% nickel content and particle size of 2–10 µm. The printed
silver-nickel thermocouples demonstrated a linear response in the temperature range of 40 � C–240 � C. It was
also insensitive to the sintering level with a constant Seebeck coefficients of � 20 µV � C� 1 for different
sintering conditions [368]. In addition to lowering the sintering temperature, performance of the printed
thermocouples under mechanical deformation and external environment such as humidity and oxidation
should be stabilized. Flexible thermocouples were inkjet printed using liquid metal–organic decomposition
materials, consisting of copper and copper-nickel particle-free conductive inks. The Seebeck coefficient for
the thermocouple was recorded to be 20.6 µV � C� 1, insensitive to external stimuli, such as bending,
humidity, and thermal cycling [369]. Understanding the influence of micro- and nano-structure of the
printed film on the electrical and mechanical performance of the thermocouple is important. A
thermocouple was aerosol jet printed on a flexible Kapton substrate using commercial copper and
copper-nickel inks. The copper and copper-nickel nanoparticles have the size of 86 � 4 nm and 140–210 nm,
respectively. The Seebeck coefficient of the thermocouple varied with only 2.5% of its initial value
(39.83 µV � C� 1) after 200 bending cycles with a bending radius down to 25 mm and 200 twisting cycles at an
angle of 120� . The stable performance of the thermocouple under repeated mechanical load was attributed
to the porosity of the sintered nanoparticles in the film. The fused copper and copper-nickel nanoparticles
lowered the effective elastic modulus of the film by an order of magnitude when compared to the bulk. This
allowed the film to reduce stress build-up during bending and twisting [370]. An inherent drawback of
thermocouples is that small voltage signal that would require a signal amplification and translation circuit.

RTDs are characterized with positive temperature coefficient. They exhibit linear response and benefit
from simplified sensor design. For RTDs, a high TCR is preferred. Commonly used metals for RTDs are
copper, nickel, platinum, silver, and gold among them nickel has the highest TCR. A commercial
thermoplastic polymer/resin-based nickel flake ink was used as a sensing material for RTD. The ink was
screen-printed on a flexible polyimide substrate followed by thermal curing at 130 � C for 15 min. The
nickel-based RTD monitored temperature ranging from � 60 � C to 180 � C with a TCR of 0.44%/� C, three
times higher than the TCR of a printed silver-based RTD (0.1%/� C). It also showed good repeatability under
dynamic heating and cooling cycles between � 40 � C to 160 � C [352]. Nanomaterials such as nanoparticles
and nanowires exhibit different properties from their bulk counterparts, offering great potential for printed
temperature sensors. For instance, metal nanoparticles have a significantly lower melting temperature than
their bulk, allowing printing on polymer substrates. Stable platinum nanoparticle-based ink was inkjet
printed for the fabrication of a resistive heater and an RTD. For printing, thiolate ligand-stabilized platinum
nanoparticles with size ranging from 3 to 5 nm were synthesized. Then, a highly conductive ink with 15 wt%
platinum nanoparticles dispersed in a toluene-terpineol mixture was formulated. Use of nanoparticles
allowed the sintering temperate to be 200 � C, significantly lower than the conventional sintering temperature
of the bulk platinum. The RTD showed linear resistance-to-temperature response from room temperature to
130 � C [374]. Additionally, nanoparticle-based metallic inks can permeate textiles, which can be used for the
development of flexible wearable sensors [375]. However, the resistance change in wearable RTDs can be
influenced by the human body motions. A Kirigami-inspired strain insensitive wearable RTD based on silver
nanowires was fabricated by spray deposition. The sensor was characterized in the wearable temperature
range of 25 � C–60 � C. The designed Kirigami pattern accommodated large tensile strain up to 100% by
out-of-plane rotation showing a negligible resistance change. TCR of the silver nanowire network embedded
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boundaries, increasing grain coalescence, and thus improving TCR. The printed RTD displayed reliable and
linear response up to 70 � C [371].

Thermistors can have either positive or negative temperature coefficient. They are typically fabricated
using either ceramic-type semiconductor materials or polymer-based materials. Please refer to section 5.2 for
polymer-based thermistors.

Current and future challenges
Sensitivity. The higher the sensitivity in either voltage (thermocouple) or resistance change (RTD and
thermistor), the smaller the temperature change that can be detected by the sensor. For health monitoring
applications, the stable human body temperature usually ranges between 37 � C and 37.5 � C, which requires
high sensitivity. To improve the sensitivity of printed metal enabled temperature sensors, choice of metal
materials (platinum, copper, nickel, silver) nanostructure of metallic component (e.g. nanoparticles,
nanowires, nano meshes) and fabrication processes are the main challenges. For example, compared with the
classic Pt temperature sensor (TCR= 0.0055 K� 1), the TCR of Gr-PDMS composite material can reach up to
0.286 K� 1 [376].

Response time. Response time is related to the thermal response of the printed metal itself and reflects the
rapid response ability of the sensor to temperature change. Challenge lies in applications such as real-time
human body health-monitoring and wearable artificial intelligent elements with an instant response [377]. A
Xene-Ag nanowire-PEDOT:PSS-tellurium nanowire temperature sensor exhibited a response time of 1.8 s,
and a relaxation time of 6.5 s, which might not be sufficient for some real-time applications, for example,
temperature-based respiration sensing [378].

Accuracy. Most methods for measuring temperature require contact between the sensors and the subject. The
quality of contact is hence the key to accurate temperature measurement. The printed temperature sensors
provide some level of flexibility thus decent quality of contact with the subject. However, for high-precision
temperature measurements, it remains challenging to develop highly conformable printed temperature
sensors. The printed metal-based temperature sensors provide some level of flexibility. However, for
high-precision temperature measurements, it remains challenging to develop highly conformable printed
temperature sensors.

Stability. Stability means stable measurements against external stimuli and under prolonged, cyclic
application. As mentioned above, some printed metals suffer from environmental degradation, such as
oxidation and corrosion. It is important to maintain stable performance when other types of loadings are
present such as mechanical deformation. Some progress has been made towards the durability of printed
metal-based temperature sensors in harsh environments. For example, an oil/PDMS encapsulated sensor has
shown good sensing performance under a 35 PSU salinity water environment [379]. It remains challenging
to develop temperature sensors with excellent material and mechanical stability for long-term applications.

Additional challenges for wearable applications. For wearable applications, printed temperature sensors offer
several advantages including softness, stretchability, and conformability. User comfort is a crucial issue for
long-term temperature measurement. To improve the comfort, the substrate for printing should be thin,
lightweight, conformal, and breathable.

Advances in science and technology to meet challenges
Printed metal-based temperature sensors have seen exciting advances. However, limitations exist including
high sintering temperature, little resilience to external environment, low sensitivity, and poor mechanical
robustness. Nanocomposite is a promising approach to improve the performances when compared to pure
metal-based temperature sensors. In particular, it is promising to formulate a conductive hybrid ink which
utilizes multiple nanomaterials in its formulation. In a recent example, a hybridized ink comprising of silver,
copper, and nickel nanoparticles had the potential to increase the overall sensitivity of the printed
temperature sensor by 300% [380]. Formulation of a hybrid ink will involve careful consideration of the
compatible metallic nanoparticles, compatible solvent/additives with different nanoparticles, and a suitable
printing method. Additionally, the concept of hybrid ink can also be extended to include carbon-based
nanomaterials such as graphene and CNTs with the metallic nanoparticles. For example, incorporation of
carbon-based materials could mitigate oxidation of metals like copper for high-temperature sensing.

For wearable applications, the effect of mechanical deformation on the performance of the temperature
sensor must be eliminated. One approach would be to significantly increase the sensitivity of the temperature
sensor such that the signal due to mechanical perturbation is negligible. The other approach is to create
material/structure whose resistance or thermoelectric response does not change with mechanical strain
(figure 38(a)). In addition to exploiting the intrinsic stretchability of the printed metallic nanomaterial, a
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variety of stretchable designs such as Kirigami, fractal, serpentine, mesh-shaped, and island-bridge can
mitigate the mechanical effect, as shown in figure 38(b) and (c) [381–383]. Additionally, textile-based
temperature sensors can seamlessly integrate with human bodies and offer the benefits of lightweight,
conformal, and breathable wearable electronics.

Printing and postprocessing processes are key to the performance of printed temperature sensors.
Sintering plays a key role for the nanomaterial-based temperature sensors [384]. Novel sintering methods
that are compatible with low-thermal-budget substrates are in great need. For example, it was demonstrated
that laser reductive sintering could increase the activation energy required for electrical conduction in nickel
oxide, which in turn could increase the sensitivity [345]. Sustainable manufacturing is a promising direction
to reduce the footprint of plastic-based substrates for printed temperature sensor. This can be achieved by
utilizing biodegradable substrates and recycling of the metal nanomaterials (figure 38(d)) used in the printed
temperature sensors [385].

Concluding remarks
Printing metals for temperature sensing has gained popularity due to their low-cost fabrication, high
scalability, and less material wastage. The ability of the metallic nanomaterials to be dispersed in an ink or be
constituted as conductive filers in a composite has provided better sensitivity, reliability, anti-oxidation, and
superior mechanical performance. However, more research is needed for development of hybrid inks, hybrid
composites, and hybrid printing processes to overcome the challenges presented by individual metallic
nanomaterials and printing processes. Hybrid printing will allow the fabrication of printed metals on textiles,
paving their way for wearable sensing. Since printed metals show a change in resistance with temperature,
different structural designs such as Kirigami, serpentine, or fractal patterns need to be incorporated to
decouple the influence of mechanical stimulus especially for wearable applications. Lastly, recyclability of the
printed metals for temperature sensors is important for an eco-friendly manufacturing approach.
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5.4. Carbon nanotubes for temperature sensing
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CNTs are a potential material for printed temperature sensors, owing to their mechanical flexibility and ease
of mass-production at low-cost [365, 386–391]. Furthermore, the ability to control CNT conductivity by
selecting appropriate metals and semiconductors, which can be modified based on wall thickness, i.e.
single-wall or multi-wall and chirality, is advantageous in designing sensors for specific applications.
However, for printed sensors using CNTs, several things need to be considered. CNT networks or composite
thin films can be formed on a variety of substrates at low-cost using mass fabrication processes. Without a
networked thin film, electrical conductivity, which is an essential property of resistive temperature sensors,
cannot be realized. To achieve conductivity, CNTs must be sufficiently concentrated when dispersed in an ink
for uniform printing. If other polymer materials are used to form CNT network films, the concentration of
CNTs needs to be about<10 wt% to prevent aggregation of CNTs in the polymer.

After considering material composition and formation methods, then the sensor can be characterized in
terms of sensitivity, stability, and repeatability. Most cases using CNTs for temperature sensor application are
to measure two-terminal electrical resistance by printing Ag or other electrode materials onto CNT-based
films. This section focuses only on resistive-type temperature sensors to discuss sensing mechanisms,
electrical performance, and challenges to practical applications.

Current and future challenges
Two main sensing mechanisms using CNT-composite materials are explained. The first is the use of CNT
TCR only. Every conductive material has a TCR function due to electron scattering or hopping in the
material. Depending on electron behaviors, resistance increases or decreases as temperature increases. For
example, a CNT and graphene oxide composite film has been reported to form a highly sensitive
temperature sensor, as shown in figure 39 [391]. According to that report, single-walled CNTs (SWCNTs)
show a high TCR of � 60 � 10� 3 � C� 1 compared to other CNT-based sensors [365, 386, 390]. In the
foregoing case, resistance decreased as temperature increased. Graphene oxide served as a lubricant to
prevent CNT aggregation in the ink, which is important for printed sensors. Another mechanism is electron
hopping at the interface between CNTs and other conductive materials in the composite film in addition to
TCR. One example is a mixture of SWCNTs and SnO2 nanoparticles (figure 40) [388, 390]. Since the
interface between these two materials detects temperature differences, sensitivity is varied by changing the
ratio of SWCNTs and SnO2. Notably, the TCR of SnO2 nanoparticles, which is much larger than that of CNT,
is negligible, because it has a much larger resistance than does CNT, such that sensor resistance is defined
mainly by the CNT resistance. After optimizing the composition ratio, the sensitivity is � 2 � 10� 3 � C� 1,
which is relatively low compared to the CNT/graphene oxide system. However, although the sensitivity is
low, it achieved long-term stability, which is a challenge for printed sensor applications.

For printed temperature sensors, reproducibility and stability of sensor output are two important
parameters. Since a temperature sensor must output absolute values of temperature, it is unacceptable to
have hysteresis or sensor output drift over time. However, due to the use of organic materials as ink lubricants
or solvents, printed temperature sensors are often unstable for a long-term use. One approach using a CNT
and SnO2 composite film showed relatively long-term stability with an error less than 0.15 � C in the period
of about a week [390]. The study tried to remove organic solvent from the printed thin film by rinsing with
hot water after pre-curing the materials. While at present this may be one way to achieve stability and
repeatability of temperature detection, much more stable materials must be developed in the future.

Another important parameter is selectivity between temperature change and other stimuli. Printed
CNT-based temperature sensors are often used in flexible sensors. Accordingly, mechanical flexibility and
insensitivity to bending, i.e. strain, are required. Since CNTs have small diameters, strain distribution in
single CNTs is small, in principle. However, by combining CNTs with polymers to form composite films, this
strain needs to be considered. To minimize the effect of strain or bending of the substrate, CNT-based
temperature sensors are usually designed to be in neutral regions of strain against bending by adding a film
substrate over the sensor. This protective layer also blocks other stimuli such as moisture, which would
otherwise cause resistance changes. In fact, a CNT/SnO2 temperature sensor was passivated to achieve highly
stability using a fluorine elastomer to block moisture [390]. In consideration of these issues, device
structures, including film lamination over the sensor, should be carefully considered when designing a sensor.
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sensitivity is also an important parameter for detecting small temperature changes in medical applications,
without improving reliability, it may be difficult to use flexible sensors as temperature sensors.
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5.5. 2Dmaterials for temperature sensing

Yubin Huang, Jean Spiece and Pascal Gehring
Institute of Condensed Matter and Nanosciences, Université catholique de Louvain (UCLouvain), 1348
Louvain-la-Neuve, Belgium

Status
2D materials offer significant opportunity for developing high-performance temperature sensors based on
changes in their electrical resistance (RTD and thermistors) and on thermoelectric effects (thermocouples).
This is due to their high carrier mobility and high thermal conductivity leading to high sensitivity to
temperature changes and fast response times. To this end, first demonstrators of RTDs based on single sheets
of graphene (see figure 41(a)) [392] show high sensitivity due to the low thermal mass, reaching that of
commercial Platinum RTDs.

Furthermore, other 2D materials like transition metal dichalcogenides, MXenes show high electrical
conductivity and Seebeck coefficient, resulting in high thermovoltage output and sensing resolution [398,
399], ideal for thermocouple operation. In some 2D materials like graphene, the good sensing performance is
preserved over wide working temperature ranges, and even in harsh environment, making them suitable for
high-temperature sensing applications like fire alarms [400]. Besides their advantages, there are some
properties specific to 2D materials that can limit their sensing performance. For example, a RTD based on a
single layer graphene can be influenced by surface defects, edges or even its substrate [392].

Thermocouple-based sensors typically require a junction between two materials with different Seebeck
coefficient which can be realized by stacking different 2D materials (e.g. MXene and graphene [398], WS2
and NbSe2 [399]) on top of each other, or by geometrically patterning a single material [393]. The latter has
been applied to fabricate single material graphene thermocouples with a U-shaped pattern [393] (see
figure 41(b)), achieving a maximum sensitivity of∆S � 39 µV K� 1. A few studies have also explored using
other temperature-dependent physical quantities beyond the electrical ones to develop temperature sensors
in 2D materials, which involves detecting changes in capacitance [394], photoluminescence intensity [395]
and spin shift [396] and may offer other ways to temperature sensors (see figures 41(c)–(e)).

Advances in fabrication technology have enabled researchers to accurately engineer the electronic band
structures and geometry of 2D materials to improve temperature sensing performance. 2D material inks
allow for making large-scale temperature sensing pathways or films. For example, a printed MXene
temperature sensor based on thermally activated electron transport was formed on a flexible polymer
substrate [401]. Lastly, 2D materials can be ultimately scaled to the single atomic layer limit. Such ultra-thin
temperature sensors can be integrated into micro-/nanoelectronics, wearable devices and robotic systems
[402]. Table 5 summarizes and compares the performance of several 2D materials that have been used to
fabricate temperature sensors.

Current and future challenges
Fabricating a good 2D materials temperature sensor involves the preparation of high-quality 2D materials
and their integration in functional devices. Some 2D materials are air-sensitive making them unreliable over
time. Also, due to their large surface-to-bulk ratio, 2D flakes are prone to electrostatic changes of their
electronic properties by the substrate, by the atmosphere/gases or by contaminants. This makes them highly
susceptible to changes of their surrounding environment, which can then cause fluctuations in the
temperature sensing signal. Finally, a thermocouple sensor usually requires two differently doped 2D
materials. Even though some 2D materials naturally possess an intrinsic doping due to their fabrication
process, it is desirable to control the type of majority carriers and their density precisely. This is however still
a key challenge, because most doping methods developed for bulk semiconductors cannot be directly applied
to 2D materials. What is more, methods that have been demonstrated to dope 2D materials—which include
chemical vapour transport (CVT), charge transfer and plasma treatment—are time-consuming, unstable
over time and can damage the crystal structure [403].

The integration of 2D materials into a single-flake temperature sensor requires to control precisely the
position and alignment of the flakes, as well as the contacts on the 2D materials. However, it is hard to
prepare high-quality 2D materials with large lateral sizes. When printing small 2D flakes, the electrical
resistance (and its temperature dependence) of the resulting film is mostly dominated by the (often weak)
electronic coupling between the 2D flakes rather than by the intrinsic properties of the single flakes
themselves. Additionally, enabling a low access resistance to the thermometer requires making good ohmic
contacts on 2D materials. This is inherently problematic for 2D semiconductors like MoS2 or WSe2 where
often non-ohmic contacts and high Schottky barriers due to Fermi level pinning are observed [404].
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Advances in science and technology to meet challenges
Further improvements are needed in mass production, doping techniques and surface functionalization.
Often bulk sensors do not possess the high sensitivity found in mechanically exfoliated single crystalline
flakes. To this end, the surface chemistry must be controlled to ensure a low contact resistance between
individual flakes and to passivate them from their environment. Some 2D materials with reactive surfaces
(e.g. MXenes, graphene oxide) might offer simple and scalable strategies for optimization [406]. 2D
materials inks [320, 407] allow researchers to develop large-scale temperature sensors by forming a network
junction and uniform films with desired geometry on various substrates. Nonetheless, further efforts are
needed to solve the self-stacking problem of 2D material inks [320]. Typical metal contacts on 2D materials
often result in large access resistances, which can be improved by defect engineering [408] or thickness
modulated doping [409]. Furthermore, some recent experiments [403, 404] have achieved low contact
resistance using Sb and Bi contacts with van der Waals materials.

Encapsulation layers (e.g. hexagonal boron nitride, polymer coatings) and surface modification are being
explored to improve the air- and moisture-stability of 2D materials. Although hexagonal boron nitride
encapsulation has been demonstrated to successfully prevent highly air-sensitive materials from degradation
over months, this method still lacks scalability.

The sensitivity of thermocouples depends on the difference of Seebeck coefficient of two materials. The
magnitude of the Seebeck coefficient can be increased by introducing sharp changes of the DOS at the Fermi
energy. To this end, it has been demonstrated that dilute isovalent sulfur doping of Bi2Te2Se flakes can alter
the effective mass of charge carriers and thus almost double the Seebeck coefficient [410].

It is worth mentioning that—for devices consisting of single flakes—there are alternative proposals to
reach high sensitivities. As an example, it has been demonstrated recently that by twisting two single layers of
graphene [397], electron-phonon interactions could be increased. To this end, by engineering a twist angle of
1.24� between the two layers, sensitivities of up to 300 Ω K� 1 (� 7%/K) can be reached (see figure 41(f)).
Furthermore, optical temperature sensing (e.g. photoluminescence [395]) and quantum-sensing
technologies (e.g. spin defects in hexagonal boron nitride [396]) allow to detect small temperature changes
with high spatial resolution. The exciton emission lifetime of perovskites and resonance frequency of spin in
hexagonal boron nitride are strongly temperature-sensitive, making them excellent temperature sensors. For
temperature sensing down to mK temperatures, superconducting junctions of 2D materials [411] could
serve as highly sensitive thermometers. Lastly, the temperature dependence of mechanical properties of 2D
materials can be exploited to fabricate sensors based on membranes, where single layer graphene resonators
showed a change of quality factor by one order of magnitude within 100 Kelvin [412].

Concluding remarks
The field of 2D materials has grown rapidly over the past two decades, offering a great platform for printable
devices in temperature sensing. Despite some reported progress in 2D materials for temperature sensing,
only a limited number of 2D materials are currently available for large-scale applications. This stems mostly
from the low control of inter-flake couplings in printed films which results in a large difference between
single-flake and bulk-film behavior. With respect to performance, 2D materials potentially enable high speed
temperature read out due to their high electron mobilities and high thermal conductivities. Therefore, it is
essential to combine theoretical, experimental, and computational methodologies to further study and
optimize the performance of 2D temperature sensors by exploiting novel and unique functionalities like the
tunability of 2D materials by defect engineering, van der Waals heterostructures, and twisted moiré systems.
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6.1. Introduction to printable gas/vapour sensors

Krishna C Persaud
Department of Chemical Engineering, The University of Manchester, Manchester M13 9PL, United Kingdom

Gas or vapour sensors can be realized using many different materials, based on a variety of working
principles. They are used in many applications, often related to health and security such as air quality
monitoring (indoor and outdoor), vehicle emissions, toxic and hazardous gas alarms, personal
healthcare—medical screening and diagnosis, food quality monitoring, agricultural and farming emission
monitoring. Some sensors are designed for single use—such as smart food labels. Others are used for
continuous monitoring of an environment or process. Electronic noses [413] utilize an array of different gas
sensors that display broad overlapping specificity to different chemical families, to produce a response
pattern that allows fingerprinting a complex mixture of compounds and discrimination of complex mixtures
[414]. For these sensors to be successful they need to be sensitive to target volatiles, respond rapidly and
reversibly, and have reasonable selectivity to gases or vapours of interest. Desirable features are
low-manufacturing cost, stable operation over many cycles of use, and low power consumption.

Common gas sensor technologies include electrochemical redox gas sensors, chemoresistive sensors
where there is a change in conductance proportional to the concentration of the target gas, capacitance based
sensors, organic FETs showing a change in source-drain current in response to a gas, mechanical sensors such
as quartz crystal microbalances, surface acoustic wave devices, micro and nano electro-mechanical systems
displaying a change in resonant frequency due to interaction of gases on a surface, together with optical gas
sensors where the change in optical absorption may be measured. Target gases of commercial importance to
the gas sensor industry include reducing gases such as CO, H2, CH4, oxidizing gases such as O3, NOx, Cl2,
requiring detection limits in the ppm region, gases such as H2S and SO2 and NH3 requiring detection at ppb
levels, and others such as CO2, alcohols, O2 where very high concentrations (1% or higher) need to be
detected. Electrochemical gas sensors are generally much more selective to target gases, but more expensive
than other gas sensor technologies. Low-cost gas sensors based on metal oxides show lower selectivity and
cross react with other potentially interfering gases and vapours. Printed gas sensors based on these materials
show much the same performance as their counterparts manufactured traditionally [415]. Electronic nose
applications have opened the need for sensors that can discriminate a large range of volatile organic
chemicals such as aldehydes, ketones, esters, heterocyclic compounds, and others at concentrations of ppm to
ppb levels required for environmental or food quality applications. This has opened new opportunities for
sensors based on organic conducting polymers, 2D-materials or other, but many of these are experimental
and still need to demonstrate robustness in practical applications. This is an ongoing challenge for printed
gas sensors.

Chemoresistive and FETs type devices typically consist of a thin layer of sensing material deposited
between two electrodes. Generally, the sorption (adsorption or absorption) of volatile molecules onto a
sensitive surface is a prerequisite for triggering a transduction process in a gas sensor platform, and it is this
sensitive surface that has been the focus for using printable materials. Other component parts, such as
interdigitated electrodes, connectors and even first stage amplification are also amenable to printing. Of
these technologies, metal oxide-based gas sensors have predominated the gas sensor market. Despite their
disadvantages of high-power consumption, lack of selectivity and prone to drift, they are low cost and easy to
mass manufacture. Screen printing techniques were applied early in gas sensor manufacture for metal oxide
gas sensors promoting volume manufacture and increased reproducibility.

The development of soluble conducting polymer materials has allowed increased use of spin coating,
inkjet printing, micro-drop dispensing, aerosol printing, or 3D-printing for sensor fabrication. This has
facilitated development of more complex organic FET gas sensors that provide higher sensitivity as well as
more measurable parameters of gas adsorption such as change in field-effect mobility, threshold voltage,
on-current, and the subthreshold swing (SS) [416].

Figure 42 illustrates some of the perspectives of printable gas sensors going from a repertoire of materials
available to a range of different devices with large potential applications. A new driver for printable gas
sensors is the freedom to print gas sensors, heating elements, connectors and even associated electronics on
flexible materials such as plastics, paper, or textiles—opening new product opportunities as well as
sustainable manufacturing practices. Feeding into this is the increasing availability of 2D materials such as
graphene and graphene oxide (containing carboxyl, hydroxyl, epoxy groups) with a thickness of a few
nanometers or less, allowing electron movement in a 2D plane. These materials may be functionalized with
other organic or inorganic materials, mixed with nanostructures such as CNTs, metal oxide nanoparticles,
biological materials as well as organic semiconductors to confer unique gas adsorption properties. This
flexibility allows formulation of new inks with unique properties for printing individual gas sensors as well as
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have widely different requirements in terms of sensitivity, selectivity, stability. Ideally a gas sensor should be
reversible, molecules should not be chemisorbed onto the active surface, they should be robust, long lived,
free from poisoning and long-term drift. Some applications may require single use sensors that may give a
simple color change when a particular gas or vapour is detected. Most of the new materials reported in the
literature come from research laboratories where there have been limited characterization of the robustness
for applications. Many claims of selectivity to chemical species are exaggerated and are often dependent on a
limited range of chemicals tested. Hence there are challenges to the research community to prove which
materials and manufacturing processes should be adopted for printed gas sensors. Specification of materials,
and application of recognizable standards are lacking. Choice of appropriate printing technology is
dependent on the material selected as well as the potential market volume. These barriers need to be
overcome for printable gas sensors to become adopted by manufacturers for routine production. Going from
research, prototyping to manufacture requires risk analysis and market analysis of new and emerging
markets likely to be opened by the availability of printable gas/vapour sensors.

The market for gas sensors is increasing rapidly due to critical industries releasing gases of concern into
the environment. These include carbon monoxide, carbon dioxide, ammonia, hydrogen sulphide, and
hydrocarbons driving the requirement for gas monitors to minimize effects on human health due to excess
emissions [421]. There are widespread applications of gas sensors in automobiles, air quality monitoring
systems, and various consumer devices and increasing use of micro-electromechanical devices that are
Internet of Things connected that put pressure on manufacturers to achieve competitive prices. The
availability of cloud computing and big data processing now opens opportunities for deployment of large
numbers of sensors covering wide areas creating environmental sensing networks that give real time
three-dimensional distribution of gas emissions [422, 423].

88



Nano Futures 8 (2024) 032001 V Pecunia et al

6.2. Printable gas/vapour sensors based on organic semiconductors

Eduard Llobet
Department of Electronic Engineering, Universitat Rovira i Virgili, Avda. Països Catalans, 26, 43007
Tarragona, Catalonia, Spain

Status
The development of fully printed, organic gas sensors has been fueled by the evolution of the Internet of
Things and the need of achieving flexible, stretchable gas sensing devices to meet the requirements of a wide
spectrum of potential applications such as air quality monitoring, food logistics, industrial safety, security or
health monitoring. Besides showing a semiconducting behavior, the electrical conductivity of conjugated
polymers such as polythiophene, polypyrrole, polyaniline, poly(p-phenylene vinylene), poly(p-phenylene
sulphide), polycarbazole, polyacetylene, polydiacetylene, poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate and their derivatives can be tuned via chemical doping. Conducting polymers have modifiable
backbones, end groups and side chains, which enables tailoring their electrical properties and surface
chemistry [424, 425]. Gaseous species interact with organic polymers either via adsorption involving
significant charge transfer or via weak intermolecular forces such as π–π interaction, hydrogen bonding or
dipole-dipole interaction, which generate charge doping effects that modify electrical properties.
Furthermore, conducting polymers can be hybridized with conducting fillers such as carbon nanomaterials,
metal or metal oxide nanoparticles to further improve response intensity and dynamics at room temperature
[415]. All this explains why these materials have been studied for developing organic electronic devices and,
particularly, gas sensitive devices. Organic semiconductors have been used as the gas-sensitive channel in
printed organic FETs or in chemoresistive devices. While chemoresistors are simple but prone to suffer from
temperature influence and moisture cross-reactivity, organic FETs can be made more stable to environmental
variables at the cost of requiring more involved fabrication processes, not always amenable to the desired
fully printed approach. Printable sensors employing organic semiconductors are well suited for developing
low-power, low-cost gas/vapour sensing devices for achieving ubiquitous gas sensing and for being
integrated in autonomous, unattended Internet-of-Things networks (figure 43). Such sensors can be printed
to polymeric, elastomeric, fibers, yarns or fabric substrates for becoming flexible and stretchable, thus
enabling their use in smart packaging or in wearables. Current challenges are related to the low sensitivity
achieved so far in the detection of some target molecules, the slow response dynamics often experienced with
room-temperature operated devices, the limited stability of organic semiconductors when subject to operate
under ambient conditions, and finally, the lack of selectivity, especially due to important ambient moisture
cross-sensitivity. All these shortcomings currently hinder the high market potential of printed gas/vapour
sensors in many application fields. These limitations and ways to overcome them are discussed in the next
sections.

Current and future challenges
The development of printed organic semiconductor gas sensors faces many challenges that range from the
production of heterogeneous materials, their integration in printing processes or meeting the required
specifications for a broad range of applications. The production of organic nanomaterials and hybrids does
not use always solution processed approaches, which would help achieving high quantities of nanomaterials
for mass market manufacturing at low cost. Currently printed organic gas sensors have been developed for
sensing different gases using polypyrrole (acetic acid, NH3), polyaniline (CO, NO2, NH3, Volatile Organic
Compounds (VOCs), H2S), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (nerve agents, CH2O,
NH3), poly(3-dodecylthiophene) (VOCs) [416, 426]. The most promising results have been achieved for
detecting NO2 and NH3. Chemoresistive or FET sensors employing the aforementioned materials show good
sensitivities at ppm levels. While this is enough for some target gases, current sensitivity is not enough for
CH2O in indoor air quality monitoring (tens of ppb), for reliably detecting nerve agents in security
applications (units of ppb) nor for detecting VOC biomarkers in health applications (units of ppb). In
addition, selectivity remains an open issue as organic semiconductors, even when doped or functionalized,
show a broad selectivity and respond to many gases and vapours, including ambient moisture. Their
long-term stability under open-air operation conditions (a few months) is still poor compared to than that of
inorganic semiconductors (up to two years). Printed organic semiconductor sensors operate at room
temperature, which is highly advantageous for lowering power consumption, however, this often results in
slow response dynamics (typically units to tens of minutes) and in lengthy or incomplete recovery (tens of
minutes to hours). Such long response and recovery times are inappropriate for occupational safety and for
security applications (units of second times). High performance organic FETs currently use slow deposition
processes and printed devices do not meet the high-frequency performance needed in radio frequency
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identified the currently existing issues with printed organic gas sensors and provides some directions on how
research efforts should be directed for addressing them to help implement the translation of lab prototypes
into marketable products.
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6.3. Printable gas/vapour sensors based on carbon nanotubes

Soufiane Krik, Sahira Vasquez, Martina Aurora Costa Angeli, Luisa Petti and Paolo Lugli
Faculty of Engineering, Free University of Bozen-Bolzano, Bolzano, Italy

Status
CNTs are especially interesting for gas sensing, due to their high surface-to-volume ratios (1315 m2 g� 1),
excellent electrical (107 S m� 1) and thermal (3500 WmK� 1) conductivity, notably high adsorption capacity
(29.97 gCO2Kg� 1 adsorbent), and good sensitivity towards different analytes [432]. Particularly investigated
is the high affinity of pristine CNTs towards NH3, NO2, and O2, besides the minor response to N2, H2, H2O,
and CO2. Such good response is mainly due to the high number of active sites available for gas adsorption
through the inner and the outer surface of CNTs. Upon adsorption, gases transfer charges on the nanotube
sidewalls, leading to changes in their electrical properties. This phenomena takes place both in single and in
multiple CNTs, also when these are randomly oriented in networks [433–437]. Despite the limited resulting
specificity of such process, the capability of undergoing chemical modification through their sidewalls allows
functionalizing CNTs and thus tuning their response and selectivity to targeted gases/vapours. Printed and
functionalized CNT-based gas sensors have shown promising performance (down to ppb level in few
seconds) for different gases/vapours (i.e. NH3, ethanol, CO, formaldehyde, NO2) with response time down
to � 10 s, even at room temperature under both inert (e.g. N2) and air atmosphere [415]. Printable
CNT-based gas/vapour offer manyfold advantages, not only in terms of low-cost manufacturability, but also
for their ability to operate at room temperature with low power consumption, as compared to metal
oxide-based gas sensors that require operating temperatures typically above 200 � C. The versatility of using
printing processes on unconventional substrates [438], makes these sensors appropriate as portable,
disposable, conformable, and wearable devices [417], for applications such as the early identification of
diseases [439], as well as the monitoring of food spoilage directly on the package [440]. Even if these sensors
meet some of the features required, such as (i) high sensitivity for low concentrations, (ii) rapid response,
(iii) low cost, and (iv) low power consumption, their technology readiness level is behind conventional
counterparts (e.g. metal-oxides, electrochemical, and optical sensors), because they still lack (i) reversible
operation, (ii) good selectivity, and (iii) stable operation over time. Nevertheless, the fact that commercial
gas sensors are bulky and require high operating temperatures, pushes for further advancement with
alternative materials. Furthermore, the detection of new gas/vapours in unconventional environments (e.g.
in vitro systems modelling the gastrointestinal tract where traditional sensors fail due to the harsh acidic and
anaerobic conditions) makes CNTs ideal materials to develop next-generation gas sensors [441].

Current and future challenges
The current challenges that still limit the use of printable gas/vapour sensors based on CNTs mainly involve
the use of nanotubes as sensing material and the fabrication methods (i.e. printing) employed. Figure 45
provides an overview of the main challenges linked to the current research and development of printed CNTs
gas/vapour sensors.

Fundamentally, one of the major obstacles is surely the low reproducibility and reliability of CNTs, with
the difficulties in synthesizing CNTs with high purity (e.g.>99%), homogeneity in size (especially length),
and further chemical functionalization [442].

Additional variability is also provided by the printing methods used to fabricate the sensors, which
typically show a lower reproducibility compared to the conventional fabrication process. Consequently, the
variability in the printed outcome as compared to the nominal layout can influence the homogeneity of the
sensor performance. Even if experimental results show that CNTs are able to detect several gases, there are
still a lot of unanswered questions regarding the fundamental processes underlying the working principle of
CNTs. Specifically, in the complex sensing mechanisms (Schottky barrier, inter and intra CNTs) of
CNTs-based sensors (figure 45), the resolution of the contacts bridging the electrodes and the homogeneity
of the conductive film plays a major role in the device operation [443].

Despite the high sensitivity, fast response time, and low limit of detection, key issues for the transition of
these sensors from research to industrial scale are their limited selectivity, the slow recovery time at room
temperature, and the drift over time (figure 45). Over the past years, the functionalization of CNTs with
metal nanoparticles (such as Au, Ag, Pd, and Pt), chemical groups or organic molecules, and innovative
composites have remarkably strengthened both sensitivity and selectivity to some gas species (NH3, NO2, N2,
H2S, CO) [444]. However, further progress is needed to comprehensively examine how CNTs contribute on
the composite gas sensing performances and meet the technical criteria (reproducible specificity to target
gas/vapour at a fast rate in the presence of high humidity and temperature variability) of real applications. In
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6.4. Printable gas/vapour sensors based onmetal oxides

Barbara Fabbri, Elena Spagnoli and Arianna Rossi
Department of Physics and Earth Sciences, University of Ferrara, via Saragat 1/C, 44122 Ferrara, Italy

Status
The idea of Brattain and Bardeen of using semiconductors as gas sensitive devices led to the discovery of a
chemoresistive effect in metal oxides (Heiland, 1954). Namely, it was observed that the
adsorption/desorption processes of gaseous compounds on the surface of a semiconducting material could
change their electrical parameters, i.e. resistance, playing a key role in determining the presence of target
analyte in the environment. The subsequent pioneering research reported in 1962 (Seiyama et al and
Taguchi) and the consecutive successful commercialization of gas sensors by Figaro paved the way to
significant development efforts in this emerging field. Since the 70’s, owing to their easy and simple synthesis
manipulation, the metal oxides (e.g. SnO2, ZnO, In2O3, and WO3) have been established in the market as the
standard printable functional films for gas sensors. In the late 80’s, their primary revolutionary application
was as alarm devices to prevent fires in homes through real-time monitoring of the amount of explosive and
hazardous gases present in indoor environments [426, 447].

Nowadays, due to their tuneable physico-chemical properties and their robustness, metal oxides are still
the most used functional materials for fabrication of printable solid-state gas sensors. Indeed, the global
metal-oxide gas sensors market is expected to grow to USD 2.3 billion by 2028, expansion attributed to the
increasing requests in emerging applications, for instance, sewage treatment, medical, oil and natural gas,
automobile industry, food industry, and smelting [448]. Smart cities and building automation are the main
applications driving demand, which include weather stations and environmental monitoring in both public
places and transportation (figure 47). The gases that can be detected most easily with metal-oxide sensors are
ammonia, nitrogen dioxide, carbon monoxide, and VOCs, even if more research is needed to accomplish
both applicative detection limits, i.e. for NO2, and selectivity, e.g. breath contains over 3.500 VOCs [426].

Therefore, the enhancement of already feasible features of metal oxides will result in both a gain of the
sensing materials performance and a viable technological implementation of the devices. First, the
availability of innovative strategies for structural engineering will pave the way for ground-breaking metal
oxides, overcoming the significant disadvantages of standard ones, such as limited long-term stability and
selectivity, and strong moisture interference. Moreover, starting from recent technological advances in
miniaturization, further reductions in size, manufacturing cost, and power consumption will enable their
future endorsement to the Internet-of-Things paradigm for large-scale applications [449]. Therefore, the
combination of enriched physico-chemical properties and technological advances will corroborate such solid
expertise developed on metal-oxide gas sensors so far.

Current and future challenges
The major shortcomings of metal oxide-based gas sensors are the short-term reproducibility of the response,
the stability of conservative performance and the long-term signal drifts, which reduce the sensor life. Indeed,
the structural properties of these materials can change during their usage over time because of poisoning
gases, grain growth induced by elevated operating temperatures, changes in crystallographic faces, and point
defects. Preventing such problems would simplify sensor calibration, avoid uncertain results and false alarms
and extend sensor operation to commercially requested 5–10 years’ service life (e.g. oxygen sensors).

Additionally, the activation of an effective sensing mechanism, based on gas-solid chemical reactions,
represents a crucial hurdle for metal oxide-based gas sensors. Indeed, the reversibility of processes at the
surface requires an activation energy, typically supplied by heating the sensitive layer at elevated
temperatures (200 � C–700 � C). This condition is the main limitation for a wide-spreading of low-powered
metal-oxide sensors and it inhibits their applicability in explosive/degradable environments [450]. Then,
significant efforts aim to reduce the operating temperature without compromising the sensing performance
in terms of kinetics and reversibility of the reaction mechanism.

Several attempts have been pursued to increase sensitivity exploiting the broad palette of precursors and
synthetic techniques that enable metal oxides’ compositional, crystallographic, and morphological properties
to be tailored. Nevertheless, because of expensive reagents and sophisticated equipment needed, the
large-scale technological transfer for the industry is commonly demanding. Moreover, despite the
encouraging results obtained in controlled atmosphere, ambient temperature and moisture have shown to
significantly contribute in determining the overall sensor performance. To date, the development of
humidity-independent metal-oxide sensors for atmospheric real-time gas measurements is extremely
challenging, e.g. O3 sensors, because water can easily yield hydroxyl groups, negatively affecting the electrical
properties of the sensitive film (response lowering>30%) while limiting target gas adsorption [451].
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