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The advancement of sophisticated sensing tools in the present days is made easier by sensor materials, which have grown in importance |
across a number of industries. These materials are essential for collecting critical data in order to control, monitor and make well- |
informative decisions since they are specifically designed to convert physico-chemical or biological inducements into computable signals.
Understanding the challenges and opportunities associated with sensor materials is crucial, as the necessity for operational and pliable |
sensor systems continues to grow. A material’s sensory capabilities include its ability to recognize and measure changes in its environment. |
A variety of techniques are covered by these characteristics, including as resistive, capacitive, optical, chemical and piezoelectric interactions. |
Even though these materials are used in different industries, including environmental observing, transportation, agriculture, medical and |
industrial operations. There are still recurring problems with increased sensitivity, selectivity and reaction speed. However, there appears
to be hope for sensor materials since ongoing research and development is expected to produce things with improved enactment, robustness |
and energy efficacy. The possibility of developing highly sensitive and selective sensors with novel functions is made possible by the |
development of nanomaterials and advanced fabrication techniques. This development pays homage to the increase of the Internet of |
Things (IoT) and their uses in gathering vast amounts of data, which improve automation and decision-making. The current improvements, |
applications and research in sensor materials are reviewed in this review article along with the challenges they face and the prospects that
could allow them to have a big impact on society and a variety of industries. I
|
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INTRODUCTION

These days, sensor materials are vital because they enable
the development of advanced sensing technologies which are
necessary for a wide range of industries [1,2]. These materials
are designed to convert biological, physical or chemical stimuli
into optical or electrical or any other signals that may be meas-
ured [3]. Moreover, they have exceptional electrical or electro-
chemical capacities which permit it to supply the important
data for different functions like controlling, monitoring or
decision making [4]. As the demand for efficient and flexible

sensor systems increases, it is imperative to understand the
opportunities and challenges associated with sensor materials
[5,6]. The sensing properties of a substance are defined by its
ability to detect and quantify changes in its physical or chemical
surroundings [7]. The structural properties of sensing materials
can be studied by various sophisticated analytical techniques.
A variety of sensing methods are employed, depending on the
stimulus type and component design [8]. These sensing methods
involve optical, chemical and piezoelectric interactions. When
exposed to specific gases or liquids, chemical sensors change
their electrical properties, but piezoelectric things produce
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electrical signals while they experience mechanical strain. It is
necessary to examine the mechanisms behind sensing processes
before selecting the best materials for a given application [9].

Many fields including transportation, industrial processing
and agricultural sector, medical and environmental field employs
sensor materials for various controlling and monitoring systems
[10-12]. For instance, in the medical fields, biosensors provide
precise biomarker identification for early sickness diagnosis
and therapy, environmental sensors assist in monitoring the
quality of the air and water, while automotive sensors enable
security and autonomous driving systems [13-15]. The vast array
of uses enabled by the versatility of sensing materials will incre-
ase as technology advances. Even though sensor materials offer
many benefits, they must meet specific needs such as improved
sensitivity, selectivity and response speed. Sensor materials must
be resilient to harsh operating conditions in addition to being
long-lasting, affordable and environmentally benign [16-18].
As the internet of things (IoT) has grown, the network connection
and interaction with information processing devices have also
acquired a great importance. In order to enhance the reliability
and performance of sensor materials their selectivity, sensitivity
and response speed concerns must be fixed. The future of sensor
materials looks hopeful by tackling certain hurdles raised during
its implementations. It is important to continue researching and
developing new materials that have improved performance,
durability and energy efficiency [19]. Advanced production
techniques and the development of nanomaterials will enable
the creation of highly sensitive and selective sensors with novel
capabilities. Additionally, sensor materials are anticipated to play
a key role in emerging fields such as the IoT, which will be
permitting the collection of vast amounts of data for enhanced
automation and decision-making [20].

In this review, latest improvements, uses and research in
sensor materials have been analyzed. Furthermore, it has expl-
ored the potential of these substances to shape our future, empha-
sizing both the obstacles and thrilling prospects they encounter.
This article aims to give readers a comprehensive understanding
of the evolution of sensing technologies and their profound
impacts on various industries and society as they explore world
of sensor material.

Materials employed as sensor: Numerous materials are
employed in sensors, depending on the kind and function of the
sensor. To enable their specialized operation, various sensor techno-
logies need distinct materials. Recall that a sensor’s specific require-
ments, including sensitivity, accuracy, ambient circumstances
and so forth, influence the materials utilized in the sensor. The
advancement of novel and enhanced sensor technologies is continu-
ously facilitated by progress in materials science. Some of the
popular and frequently used types of sensor are depicted in Fig. 1.
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Fig. 1. Popular and frequently used types of sensor

Temperature sensors: Sensors are frequently regulated
by measurements of constant current or voltage. The way voltage
varies with temperature is determined by materials employed
in the p-n junction [21]. Sensor design and material selection
are crucial for meeting high-performance temperature sensor
requirements. Materials, especially polymeric and nano-based
materials, are being investigated for the construction of flexible
temperature sensors [22]. They are widely used in a variety of
applications, such as environmental monitoring, industrial pro-
cesses, automotive systems, consumer electronics and more.
The ideas used by various types of temperature sensors to detect
temperature vary, as do their accuracy, sensitivity, reaction time
and cost. The different types of temperature sensors are resistance
temperature detectors, thermocouples, thermistors, etc.

Thermocouples function as thermometers, monitoring
temperature and are manufactured by connecting two distinct
metals at one end. Thermocouples work on the Seebeck pheno-
menon. When the temperature of the materials varies throughout
their length, a voltage is produced, which can be used to measure
temperature [23]. Thermocouples can be made from combining
different metals in their correct proportions or they are also made
from combination of different alloys. Thermocouples can be
classified on the basis of components comprising it. The different
types of the thermocouples are Type-K (Chromel/Alumel),
Type-E (chrome l/constantan), Type-J (iron/constantan), Type-P
(gold/palladium) and Type-N (nickel-chromium-silicon).
Details of thermocouples are given in Table-1.

TABLE-1
E-TYPE, J-TYPE, K-TYPE T-TYPE AND N-TYPE COAXIAL THERMOCOUPLE MATERIALS
Outer component Inner component Insulating substance Surface intersection point materials Ref.
Type-E thermocouples Constantan Chrome 1 Teflon Chrome | & constantan [24]
Type-J thermocouples Constantan Iron Teflon Iron and constantan (Cu-Ni alloy) [25]
Type-K thermocouples Alumel Chromel Teflon Chromel and alumel [26]
Type-N Constantan Copper Teflon [27]
Type-T Nisil Nicrosil Teflon [28]
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Resistance temperature detectors (RTDs) are sensor that
measures temperature by detecting changes in resistance. RTDs
are made of a material whose resistance changes predictably
with temperature. An electrical current is passed through the
sensor and the resistance element measures the resistance of
the current. RTDs are more accurate and stable than thermo-
couples, especially below 600 °C. They are also more linear
over a wide range of temperatures. The most common types
of RTDs are platinum, nickel and copper. The most popular
RTD is the Pt100, which is known for its accuracy, repeatability
and stability. Options for high temperatures includes germanium,
carbon resistors, ruthenium oxide and rhodium-iron alloys [29].

Thermistors, a solid-state component with electrical resis-
tance that rapidly varies in response to temperature changes,
thermistors are also known as thermally sensitive resistors.
Due of their ease of use, portability, durability, long lifespan
and low maintenance requirements, they are positioned as pros-
pective components for a range of applications, including scien-
tific research, communication, instrumentation and military
technology [30]. Thermistors can be classified as either positive
(PTC) ornegative (NTC) depending on their temperature coeffi-
cient. Higher temperatures result in more resistance for PTC
thermistors and reduced resistance for NTC thermistors. The
materials for negative temperature coefficient (NTC) thermistors
are created by the chemical interaction of several transition
metal oxides (CoO,, CuO and NiO). This can be used for low
temperature sensing (30 to 300 °C) for domestic applications
while materials like ZrO,, Y,O and ThO, are employed in high-
temperature sensing (300 to 1000 °C) mostly found in autos
[31]. There are two types of thermistors or positive temperature
coefficient (PTC) thermistors, which are defined by their resp-
onse to changes in temperature [32]. Different types of temp-
erature sensitive suggested sensors are given in Table-2.

TABLE-2
TEMPERATURE SENSITIVITY AND
THE RANGE OF SUGGESTED SENSORS

g Temperature Temp.e.ra‘mre
Sensing structure o sensitivity Ref.
range (°C) (nm/°C)
Sagnac interferometer 42-44 29 [33]
Sagnac interferometer 0-10 1.46 [34]
Sagnac interferometer 55-65 1.7 [35]
Fabry-Perot interferometer 20-60 12.5 [36]

Pressure sensors: Pressure sensors are most widely emp-
loyed micro-devices for industrial, viable and therapeutic sensing
[37]. These sensors are necessary for a wide range of applica-
tions, including industrial operations, consumer electronics
and medical equipments. Different concepts are used by various
types of pressure sensors to measure pressure and its working
mechanisms enable them to be classed together.

Piezoelectric sensors: The Greek term “piezo” implies
“press” or “squeeze.” When a crystal is compressed to apply
mechanical stress, an electrical potential is created across its
sides, a phenomenon called piezoelectricity or the piezoelectric
effect [38]. While the opposite phenomenon—often used in
actuation—produces strain proportionate to an applied electric
field, piezoelectricity, which is observed in non-centrosymmetric
crystals, involves developing electric polarization under stress
[39]. The former, sometimes referred to as the direct effect, is
employed to identify force changes, acceleration changes caused
by shock or vibration and changes in pressure dynamics. Upon
applying a voltage, the opposing piezoelectric effect results in
deformation by generating mechanical stress in a piezoelectric
material in reaction to an external electric field. The transduc-
tion element, which is frequently apply for the sensing element,
is typically made of a combination of piezoelectric ceramics
and single crystals like quartz, tourmaline, orthophosphate,
gallium, CGG-group crystals, lithium niobate, lithium tantalate
and lithium sulphate. Crystals like quartz and organic materials
like wood and silk are examples of natural piezoelectric materials.
Quartz-like crystals, ceramics, polymers and composites are
examples of man-made piezoelectric materials. Some crystals
exhibit piezoelectric properties as a result of polarization and
deformation under the influence of mechanical stress or an
electric field [40]. Notable among the families of artificial cera-
mics are perovskite structures like barium titanate and lead
zirconate titanate (PZT), which require specific preparation
methods to provide desired piezoelectric activity via poling
[41]. A piezoelectric pressure sensing material is created by
combining ZnO nanomaterial with P (VDF-TrFE) co-polymer
[42]. Especially in its B-phase, trifluoroethylene affords the
co-polymer remarkable piezoelectric properties. ZnO is a lead-
free piezoelectric material which is added to the co-polymer
to further enhance its properties. The polymer nanocomposite
that is produced by this mixture is then used to build a pressure
sensor prototype so that its ability to detect pressure changes
can be evaluated [43].

Strain gauge sensors: A popular kind of sensor, strain
gauges are used in many different applications, such as force
sensing and structural health monitoring, where mechanical
deformation needs to be analyzed. Different types of pressure
sensors with their response time, pressure limits, sensitivity
and linearity range are given in Table-3.

Optical sensor: An optical sensor is a tool that counts
the number of light beams and converts that number into an
electrical signal that a human or electronic device can read.
Numerous applications have made extensive use of them due
to their adaptability and ability to deliver non-contact sensing.
The optical sensor is the most sophisticated sensor for detecting
volatile gases since it makes use of the ideas of reflectance,
absorbance, fluorescence, luminescence and refractive index

TABLE-3
COMPARISON OF PROPERTIES AMONG VARIOUS PRESSURE SENSORS
Types Response time Pressure limit Sensitivity Linearity range Detection limit Ref.
Piezoelectric sensors Medium Wide range High Excellent Medium [44]
Strain gauge sensors Medium Low to moderate range Medium-High Good Low [45]
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[46]. Optical sensors are employed in a wide range of fields,
including consumer electronics, industrial automation, medical
equipment, environmental monitoring and more.

Photodiodes: Materials used in photo-detectors, particu-
larly organic photodetectors (OPDs), include small molecules,
fullerenes, polymer compounds (like P3HT and PC 61 BM),
poly(phenylene-vinylene) derivatives, polyfluorene derivatives,
squaraine compounds and phthalocyanines. These materials
are utilized in a variety of combinations to maximize photo-
detector performance at different electromagnetic spectrum
wavelengths, ranging from visible to near-infrared. These subs-
tances were selected due to their capacity to absorb substances
[47,48]. Photo-diodes require a wide range of materials, inclu-
ding crystalline inorganic semiconductors such as silicon, GaP,
Ga,0;, GaAs, HgCdTe, Ge, ZnO and CdS. Furthermore, topics
covered include halide perovskites, hetero-structure photo-
diodes utilizing a variety of semiconductor combinations, topo-
logical insulators such as bismuth telluride (Bi,Tes) and colloidal
inorganic quantum dots, such as PbS or Ge [49].

Photo-transistors: Photo-transistor devices use captivation
layers composed of chalcogenide materials like MoS,, CdS and
Se to enhance light absorption over certain wavelength ranges.
While Se and CdS offer effective absorption in visible spectral
regions, improving photo-responsivity in photo-transistors, the
tiny bandgap of 2D chalcogenide MoS, enables the visible
light detection. For improving photo-transistor enactment in a
range of applications, these elements are crucial [48].

Gas sensors: Because of their low power consumption,
high sensing capabilities and long-term stability, gas sensors
that function at ambient temperature are far more attractive.
Flexible gas sensors typically employ metal oxides, graphene,
carbon nanotubes (CNTs), polymer composites and metal nano-
particles. These compounds are chosen for their unique prop-
erties and suitability for identifying specific gases [50,51].
Semiconductor gas sensors detect flammable and hazardous
gases by tracking changes in the electrical resistance of a poly-
crystalline sensor element made of oxide materials as gases
adsorb or react with its surface. These sensors are versatile and
can be used to detect gases such as CO,, NOx, O, and fluoro-
carbons. In certain situations, gasses can also be detected by
changes in capacitance.

Motion sensors: A motion sensor is a gadget that can
identify motion or physical movement in its environment and
in reaction, can start a certain operation. These sensors are
extensively used in many different applications, including as
home automation, lighting control, security systems and even
wearable fitness devices that use them to identify physical acti-
vity. There are many different types of motion sensors, such
as passive infrared sensors that identify changes in heat signa-
tures, ultrasonic sensors that use sound waves to identify motion
and microwave sensors that generate microwave signals and
analyse their reflection to identify movement [52].

Accelerometers: Accelerometer typically use materials
called MEMS (Micro-Electra-Mechanical Systems) to measure
acceleration [53]. Typically, accelerometers employ piezo-
electric components, such as strong permanent magnets for
magnetic induction-based sensors or single crystals of lithium

niobate (LiNbQO;) for high-temperature applications. There are
certain temperature ranges and sensitivity requirements for
each of these materials.

Gyroscopes: The word “gyroscope” is derived from the
Greek words “skopein” (to view) and “‘gyros” (revolving). Sensors
and gyroscopes are made of a variety of materials—silicon for
MEMS compatibility, quartz for high-precision applications
and piezoelectric materials like PZT that produce electrical
charges in response to mechanical stress depending on their
intended use and performance requirements [54]. It is comm-
only known that quartz has piezoelectric qualities, which allow
it to produce electrical impulses in reaction to vibrations or mech-
anical stress. Additionally, inertial materials, metals, ceramics
and polymers are employed; the choice of material is contingent
upon the particular gyroscope or sensor’s parameters.

Sensing mechanism: The design of the sensor structures
and the use of multifunctional materials are critical factors in
multimodal sensors with decoupled sensing mechanisms. High-
lighted are recent developments in our knowledge of the prop-
erties of the materials, the impact of their structure and sensing
mechanisms for a range of input signals [55]. The resistive,
capacitive, optical and piezoelectric sensing technologies are
examined in this part, shedding light on how material properties
impact the conversion of analyte-induced changes into measur-
able signals. It is crucial to comprehend the sensing principles
underlying the different kinds of sensors in order to construct
effective sensing devices. Analyte-induced changes are conv-
erted into detectable signals by the unique interactions of target
analytes with different kinds of sensor materials and designs.

Capacitive sensing mechanism: Capacitive sensors are
characterized by their capacity to modify capacitance in response
to external stimuli [56]. A common kind of capacitive sensor
is a parallel plate capacitor, which is usually positioned between
upper and lower conducting electrodes. An insulating dielectric
layer separates it from the electrodes [57]. Both the materials
selected and the structure design of electrodes and core layers
are critical for capacitive sensors to have superior sensing perfor-
mance in terms of sensitivity, linear range, SNR ratio and stabi-
lity [58]. When a voltage is given to one electrode, charge builds
up in the space between two metal sheets or electrodes, accor-
ding to the capacitance principle.

Piezoelectric sensing mechanism: A piezoelectric sensor
is a transducer that converts mechanical stress or strain into
electrical signals using materials that exhibit the piezoelectric
effect. In comparison to other high-temperature sensing meth-
ods, piezoelectric sensing is becoming more and more common
for use in high-temperature applications in the power, automo-
tive, aerospace and material processing industries because of
its low cost, small sensor size and simple signal conditioning.

Optical sensing mechanism: As a discriminating device,
an optical sensor is adept at detecting and quantifying the phys-
ical strength of incident light beams, successfully translating
this optical information into an electrical signal that can be
understood by electronic devices and instruments or by human
operators. Because of their versatile nature, these sensors have
found extensive use in a wide range of industrial areas, inclu-
ding healthcare, environmental monitoring, energy, aerospace
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and many more [59,60]. Optical sensors are rapidly developing
and becoming increasingly widespread. Optical sensors can be
classified as SPR-based, SERS-based biosensors, fluorescence
based, structural color-based, etc., according to their detection
mechanisms [61]. In order to detect, quantify and track the
presence of analytes of interest, label-free optical biosensors
are instruments that can rapidly perform an assay with high
sensitivity and specificity at the point of application. Optical
sensors are widely used in biochemistry, medical diagnostics
and environmental monitoring.

Electrochemical sensing mechanism: Nanomaterials are
appealing for sensing applications, particularly electrochemical
sensing, due to their specific properties, which include their
remarkable electrochemical capabilities, high surface area and
adjustable electric conductivity [62]. An electrochemical bio-
sensor detects the concentration of the target analytes by oxidi-
zing or reducing the analyte at an electrode and measuring the
conductance, change in current or impedance [63]. Because
of their unique electrocatalytic properties, large adsorption
capacity, minuscule size, large surface area and simplicity of
surface modification, nanomaterials have shown promise for
bio-sensing applications in recent decades.

Nanomaterial-based sensing mechanism: The creation
of inexpensive, portable, accurate and fast-to-identify nanosen-
sors has been made possible in large part by nanotechnology.
Developments in the creation of nanomaterials have shown the
great promise of nano-sensors for explosives detection. One
of the main uses for nano-sensors, which bank on the unique
electrical, optical or magnetic properties of nanomaterials, is
the detection of environmental viruses. Detectable signals with
high sensitivity, high specificity and fast response times can be
generated when viruses interact with nanoparticles (or recogni-
tion agents on the nanomaterials) [64]. Nanomaterial-based
sensors have revolutionized the wearable health monitoring
field of bio-electronics nano-engineering, resulting in signifi-
cant advancements in ongoing and customized healthcare [65].
A nano-biosensor can detect biological substances such as meta-
bolites, pathogens, antibodies and nucleic acids. By binding
desirable bio-analytics to receptors, the approach modifies the
physicochemical sign associated with binding [66]. Biosensors
are employed in biological testing, forensic analysis, health
monitoring, diagnostics and the treatment of mental health
issues in addition to monitoring infectious diseases. In addition
to offering healthcare and therapy, biosensors can track patients’
states and diagnose diseases more promptly [67].

Wireless sensing mechanism: Wireless sensor networks
(WSNps) are a key element of the communications sector. WSNs
are usually made up of a lot of low-cost sensors that can comm-
unicate wirelessly and process data. Through one-hop or multi-
hop routing, these sensors automatically collect environmental
data in an orderly manner and send it to sinks [68,69]. A wire-
less sensor network is a group of many sensor nodes dispersed
around a territory to monitor an area of interest. In many WSN
applications, the data is useless without the exact location of
sensor nodes. Understanding and applying these different
sensing processes is crucial for the creation of reliable, accurate
and efficient sensing devices for a variety of applications [70].

The particular requirements of the application, the kind of
analyte and the required degree of sensitivity and selectivity
all play a role in the choice of sensing mechanism.
Applications of sensor materials: About a decade of meta-
material research for sensing application has led to the develop-
ment of smaller and more effective sensors [71]. Sensor materials
are employed in many different industries because of their ability
to gather data and facilitate precise analysis. Some specific
applications of versatile sensor materials are shown in Fig. 2.
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Healthcare: The healthcare industry has grown signifi-
cantly in recent years and has contributed significantly to emp-
loyment and income [72]. Because of their unique character-
istics, these allotropes are very helpful for a range of biological
applications, such as drug administration, tissue engineering,
cancer treatment, medical diagnostics, bio-imaging and bio-
sensing. Depending on the kind of physiological data collected,
wearable sensors used in regulated settings like houses can be
either static or very dynamic. A range of sensor networks are
being used in the design of the architecture for wearable sensing
applications. Some features of these networks, like cost, setup
and power usage, are considered when integrating with wear-
able sensors [73]. For the sensor prototypes to function, the
protocols of Bluetooth (IEEE 802.15.1), Wi-Fi (IEEE 802.11),
ZigBee (IEEE 802.15.4) and radio-frequency identification
tags (RFID) have been considered. Electronic/optical tattoos,
smartwatches, head-mounted displays, hearing aids, footwear
with subcutaneous sensors and electronic textiles are a few
examples of wearable technology. For drug delivery and the
measurement of electro-physiological or biochemical signals,
they are simply applied to the epidermis and inserted through
the skin or other bodily openings. Multiple wearable sensors
may send data to a body area network through multiple sensor
arrays [74].

Environmental monitoring: Applications for environ-
mental monitoring are essential for obtaining information about
the condition of the environment around us, such as whether
itis improving, deteriorating or remaining unchanged. Environ-
mental sensors are primary instruments for monitoring the
environment and eventually, its protection. Recently, nano-
materials have been extensively studied and employed for
environmental sensing due to their exceptional dimension
characteristics [75]. Rapid world-wide urbanization and indus-
trialization have resulted in huge economic welfares but also
led in the exhaustion of natural resources and caused major
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environmental pollution problems. Inland water quality detection
has made extensive use of hyperspectral remote sensing. This
method uses a direct, high-resolution analysis of the electro-
magnetic spectrum reflected from the water surface to obtain
the water quality parameters. By employing a non-contact appr-
oach, this novel approach presents the opportunity to generate
real-time data from water, significantly increasing operating
efficiency [76]. People using smart gadgets, cars regularly
driving down city streets, buses, taxis and any other type of
transportation system are a few well-known examples of the
numerous crowd sensing nodes that can be utilized to assess
the sources of air pollution and infer their possible effects on
human exposure. This makes it possible to lessen and avoid
their negative side effects. The enormous environmental issues
that modern society is dealing with demand the creation of
innovative technology that can provide thorough and continu-
ous environmental monitoring in all of its aspects. With the
growing availability of UAV, WSN and crowd sensing technol-
ogies, which are now recognized with significant sensing and
processing abilities, a new borderline of environment monit-
oring has emerged, made possible by a multitude of inexpen-
sive devices and providing a more precise coverage of the
territory [77].

Defence and security: Contemporary radar sensors for
defence and security must operate in a variety of dynamically
shifting scenarios. The detection, tracking and classification
of very small and slow air targets, such as drones in crowded
areas, up to quick air targets, such as missiles and fighter air-
craft, as well as an increasingly crowded and contested spectrum
are essential and challenging system requirements [78]. High-
performance distributed fibre-optic sensors have been used in
outdoor and underground intrusion detection systems in recent
years. In intrusion detection systems, fibre optic sensors are
known to offer a number of well-known benefits over traditional
technologies, such as high sensitivity, immunity to electromag-
netic interference, no field power requirements, inherent safety
in hazardous environments, high reliability and cost-effective-
ness over long distances.

Agriculture: Chemical (bio) sensors for food and agri-
cultural analysis have gained increasing interest in recent years.
Chemical (bio) sensors have the potential to complement
or even replace conventional analytical methods because
of their advantageous features, which include simple sample
preparation, mobility, downsizing and lower cost per analysis
[79].

Enzyme biosensors based on cholinesterase suppression
have been used to identify pesticide residues of organophosp-
hate and carbamate. Nano-sensors may be used to diagnose
soil disease (caused by infecting soil microorganisms, such as
bacteria, fungus and viruses) by quantitatively measuring the
fluctuating oxygen consumption in the respiration (relative
activity) of good microbes and bad microbes in the soil. Using
arange of transducer techniques, such as amperometric, electro-
chemical and optical, biosensors have been shown to be very
beneficial in detecting these stressful situations (Table-4). The
ability of sensor materials to satisfy a variety of needs in many
contexts, enhancing safety, efficacy and data-driven decision-
making in numerous industries, demonstrates their versatility.

Current challenges: Unreliability and performance gaps
are ongoing problems for sensors. To get around these issues,
flexible sensors have been created using conductive materials
based on graphene, which have exceptional mechanical and
electrical properties. Humans depend on sensors to solve major
issues and to improve their quality of life in the digital era. In
order to overcome the drawbacks of their usually stiff equival-
ents, flexible sensors are being developed for ubiquitous sens-
ing [89]. However, a number of problems need to be fixed in
order to increase the performance and reliability of sensor tech-
nology. This overview will cover some of the current problems
with sensor technology and materials. The accuracy and repeat-
ability of different measurement tools, such as sensors and
measuring systems, are confirmed through a calibration proce-
dure. Calibrated sensors are essential for precise, consistent
and dependable measurement results. Among other things,
calibration is necessary for effective quality assurance. Sensors
with low cost (LCSs) are widely acknowledged to have caused
a model shift in the additional conventional air monitoring by
air regulatory agencies. Its large-scale applications have been
significantly constrained due to issues with performance stabi-
lity and data quality. Understanding the most current techniques,
advancements and challenges related to calibration of LCS is
extremely beneficial for environmental monitoring. The over-
view of the data presented in this study displays that worldwide
sensor market is speedily growing because of growing needs.
Standardized calibration procedures and standards are also
necessary to preserve consistency across different sensor types
and applications. Cross-sensitivity refers to the potential for a
gas, other than the target gas, to influence the measurements
produced by a certain electrochemical sensor. The cross-sensi-
tivity of parameters like humidity or temperature or other inter-

TABLE-4
TYPICAL AGRICULTURAL SENSORS ARE USED IN DIFFERENT Ag-IoT APPLICATIONS

Classification Metrical information Principle of measurement Typical product Ref.
Oxygen Electrochemistry Renke, RS-0, [80]

Environmental Air temperature Pyroelectricity METER, ECT [81]
information Ammonia gas Electrochemistry Winsen, ME3-NH3 [82]
Soil humidity Electronics and electromagnetics Meter, ECH20 EC-5 [83]

Carbon dioxide Electrochemistry Hanwei, MH-Z19 [84]

Stem growth Mechanics AWL, SD5z [85]

Crop life information Leaf humidity Electromagnetism METER, PHOTOS 31 [86]
Electrical conductivity Electrochemistry METER, HYDROS 21 [87]

Animal information Body weight Electronics and electromagnetics OMEGA, TQ101 [88]
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fering factors to achieve precise hydrogen gas measurement
in a variety of situations is one issue impeding the improvement
of hydrogen sensors. The majority of commercially available
hydrogen sensors are only capable of measuring at room temp-
erature and many have a narrow temperature range of funct-
ioning. Furthermore, higher temperatures necessitate longer
sensor lives and more accuracy than those needed at ambient
temperature.

Several new hydrogen-sensitive materials were developed
to improve the performance of sensors [90]. The advantages
of the hydrogen sensor over conventional detection devices
include its small size, low cost, online measurement capability
and fast response time. It generates a response signal after deter-
mining the amount of hydrogen present [91-93]. Therefore,
developing hydrogen sensor with great detection precision,
fast reaction time, long calibration times, plus outstanding
stability is now the aim of regenerative life support technology
design. One of the most limiting factors for communication
sensor design and application is energy consumption [94].
Power consumption is a vital aspect to consider for wireless
sensor networks, whether they are powered by energy harves-
ters or batteries. However, both solutions require smart power-
using equipment to be successful. Energy management challen-
ges arise in real-world scenarios, such as when batteries need
to be recharged and replaced. Network congestion results from
several sensor nodes attempting to communicate at the same
time during sensor network deployment. In real-world scenarios,
low data yield is a problem because the network only offers a
limited amount of information. The sensor can guarantee a
real-time data conveyance rate with reasonable energy consum-
ption [95]. In conclusion, sensor technologies still face signifi-
cant challenges with regard to stability, power consumption,
cross-sensitivity or calibration, even with recent significant
advancements. To solve these problems, engineers, materials
scientists and data specialists must collaborate across discip-
lines. Innovative solutions are necessary to enhance perfor-
mance of sensor and boost its durability and trustworthiness
through a wide range of uses.

Prospects of sensor materials: Upcoming sensors will be
additionally accurate and have much advanced measurement
techniques. More potent and better-networked sensing equip-
ment is created as automation and sensing technology develop-
ment. This kind of equipment helps to provide appropriate
decision-making opportunities and is more successful and
effective. A connected society is the result of the increasing
use of sensors in many different applications. This will be help-
ful in many future scenarios, depending on the needs. More
intelligent and accurate measurements will be made by future
sensors. Sensor materials and technology have a bright future
because of their significance to so many various industries and
applications. Future sensors will be much more potent and
capable due to the integration of cutting-edge technologies like
artificial intelligence, sophisticated data analysis and Internet
of Things (IoTs). We numerically calculate the electric field
and surface current intensity distributions at their respective
resonances in order to examine the physical mechanism behind
the well-preserved absorption behaviour and enhanced sensing

capabilities [96]. The sensors are sensitive to volatile organic
compounds (VOCs) changes down to the ppb level with a very
low power consumption of 10.5 mW. To further enhance low
power intake sensing responses properties with basic stability,
anovel sensor structure is proposed. The innovative application
of micro-heater geometry and advanced fabrication methods
has enabled the deployment of SMO gas sensors in a variety
of new applications. In this work, two designs were analyzed
using experimental characterization and modelling. A comp-
arative report containing the results of the two sensors’ studies
is reported [97].

Tiny sensors are essential to the science of nanotechno-
logy. Size-affected nanomaterials are promising materials for
sensing due to their special properties, such as improved electro-
chemical, photonic and electromagnetic capabilities. Advance-
ments in wireless communication, embedded systems, nano-
technologies, miniaturization, and sensing technology have
paved the way for the creation of intelligent systems capable
of continuously monitoring human activities. There have been
numerous reported commercial advances and research on human
activity tracking is flourishing. The emergence of attractive
and robust devices capable of monitoring various activities is
likely to increase substantially. The problems with the current
design will also be addressed by future devices. Wearable tech-
nologies that monitor a range of human activities will be more
pleasant as physiological sensors get lighter. According to a
formal and informal poll, wearable technology is expected to
gain popularity and be used more often in the near future. More-
over, it forecasts that device costs will reduce, increasing their
social utility. Sensors are one of the most crucial components
of every 10Ts devices [98]. Advances in electronics, healthcare
diagnostics, artificial intelligence, are being applied to IoTs
applications to help manage chronic diseases and enhance
quality of life. Future advancements that include data trending,
machine learning are expected as a consequence of the endea-
vour to capitalize on developing technology and some advances
have already been made. Heterogeneous integration is being
employed in [oTs and healthcare for future new sensors and
diagnostics. The 10Ts, artificial intelligence and sophisticated
data analytics will all work together to drive a major advance-
ment in sensor technologies and materials in the years to come.
These developments will outcome in sensing capabilities which
are highly efficient, precise and steady through a variety of indus-
tries, enabling future smarter, more networked and environ-
mental friendly systems.

Conclusion

In conclusion, a variety of industries, including transporta-
tion, healthcare, agriculture, industrial processes and environ-
mental monitoring, now depend heavily on sensor materials.
However, these materials also face significant challenges. The
need for enhanced reaction rate and sensitivity, selectivity, along
with need for robustness and ecological friendly properties,
highlight the complexity of creating sensor materials for a range
of applications. The importance of addressing these challenges
is highlighted by the expanding reach of Internet of Things,
which highlights the need for materials that can easily link
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and interact with information processing devices in a variety
of operating scenarios. When considering the future, sensor
materials seem to have a lot of promises. Materials with improved
performance, increased robustness, with higher energy effici-
ency are expected to be developed as a result of ongoing research
and innovation. The development of nanomaterials opens the
door to the development of sensors with remarkable sensitivity
and selectivity as well as novel functionality. It is expected that
these technical advancements would not only remove current
barriers but also make it easier to integrate sensor materials
into upcoming industries like the Internet of Things. Large-
scale data collection will be made possible by this integration,
which will enhance automation and decision-making. Through
an analysis of contemporary developments, applications and
research, this study highlights the importance of sensor materials.
It highlights the significance of these substances in influencing
our future and offers valuable direction for society and industry
as they navigate the constantly changing landscape of sensor
technologies.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. M.V. Nikolic, V. Milovanovic, Z.Z. Vasiljevic and Z.J.S. Stamenkovic,
Sensors, 20, 6694 (2020);
https://doi.org/10.3390/s20226694

2. T. Kalsoom, N. Ramzan, S. Ahmed and M.J.S. Ur-Rehman, Sensors,
20, 6783 (2020);
https://doi.org/10.3390/s20236783

3. S. Cichosz, A. Masek and M.J.Pt. Zaborski, Polym. Testing, 67, 342
(2018);
https://doi.org/10.1016/j.polymertesting.2018.03.024

4. M. Abdel-Basset, G. Manogaran, M. Mohamed, E.J.C. Rushdy and C.
Practice, Concuren. Computat. Pract. Exper., 31, e4515 (2019);
https://doi.org/10.1002/cpe.4515

5. T Yang, D. Xie, Z. Li, HJ.M.S. Zhu and E.R. Reports, Mater. Sci.
Eng. R: Reports, 115, 1 (2017);
https://doi.org/10.1016/j.mser.2017.02.001

6. AJ. Bandodkar, I. Jeerapan and J. Wang, ACS Sensors, 1, 464 (2016);
https://doi.org/10.1021/acssensors.6b00250

7. X.Huang, Z. Yin, S. Wu, X. Qi, Q. He, Q. Zhang, Q. Yan, F. Boey and
H. Zhang, Small, 7, 1876 (2011);
https://doi.org/10.1002/sml11.201002009

8. S.Pyo, J. Lee, K. Bae, S. Sim and J. Kim, Adv. Mater., 33, 2005902
(2021);
https://doi.org/10.1002/adma.202005902

9.  R. McCann, M.A. Obeidi, C. Hughes, E. McCarthy, D.S. Egan, R.K.
Vijayaraghavan, A.M. Joshi, V.A. Garzon, D.P. Dowling, P.J. McNally
and D. Brabazon, Addit. Manufact., 45, 102058 (2021);
https://doi.org/10.1016/j.addma.2021.102058

10. M. Javaid, A. Haleem, S. Rab, R.P. Singh and R. Suman, Sensors Int.,
2, 100121 (2021);
https://doi.org/10.1016/j.sintl.2021.100121

11. K.O.M. Salih, T.A. Rashid, D. Radovanovic and N. Bacanin, Sensors,
22, 730 (2022);
https://doi.org/10.3390/s22030730

12. S. Baruah and J. Dutta, Environ. Chem. Lett., 7, 191 (2009);
https://doi.org/10.1007/s10311-009-0228-8

13.  A. Haleem, M. Javaid, R.P. Singh, R. Suman and S. Rab, Sensors Int.,
2, 100100 (2021);
https://doi.org/10.1016/j.sintl.2021.100100

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

M.U. Ahmed, I. Saaem, P.C. Wu and A.S. Brown, Crit. Rev. Biotechnol.,
34, 180 (2014);

https://doi.org/10.3109/07388551.2013.778228

J. Guerrero-Ibéiez, S. Zeadally and J.J.S. Contreras-Castillo, Sensors,
18, 1212 (2018);

https://doi.org/10.3390/s18041212

N. Kumar, N.P. Shetti, S. Jagannath and T.M. Aminabhavi, Chem. Eng.
J., 430, 132966 (2022);

https://doi.org/10.1016/j.cej.2021.132966

B. Sharma, A. Sharma and J.-S. Kim, Sens. Actuators B: Chem., 262,
758 (2018);

https://doi.org/10.1016/j.snb.2018.01.212

K.M. Bhat, J. Rajagopalan, R. Mallikarjunaiah, N.N. Rao and A. Sharma,
Eco-Friendly and Biodegradable Green Composites, IntechOpen
London, UK (2021).

S.T. Han, H. Peng, Q. Sun, S. Venkatesh, K.S. Chung, S.C. Lau, Y.
Zhou and V.A.L. Roy, Adv. Mater., 29, 1700375 (2017);
https://doi.org/10.1002/adma.201700375

J. Gubbi, R. Buyya, S. Marusic and M. Palaniswami, Fut. Gener.
Comput. Syst., 29, 1645 (2013);
https://doi.org/10.1016/j.future.2013.01.010

V.K. Rai, Appl. Phys. B, 88, 297 (2007);
https://doi.org/10.1007/s00340-007-2717-4

B.A. Kuzubasoglu and S.K. Bahadir, Sens. Actuators A: Phys., 315,
112282 (2020);

https://doi.org/10.1016/j.sna.2020.112282

D. Pollock, Thermocouples: Theory and Properties, Routledge: New
York, edn. 1 (1991).

D. Barad, S. Manjhi and R. Kumar, Numerical Analysis of K-Type, J-
Type and E-Type Coaxial Thermocouples for Transient Measurement,
presented in International Conference on Theoretical, Applied, Comput-
ational and Experimental Mechanics, IT Kharagpur, Kharagpur, India,
December 28-30 (2017).

J.L. Rempe, D.L. Knudson, K.G. Condie and S.C. Wilkins, Nucl.
Technol., 156, 320 (2006);

https://doi.org/10.13182/NT06-A3794

D.L.D. Dowell, Int. J. Thermophys., 31, 1527 (2010);
https://doi.org/10.1007/s10765-010-0780-2

S. Begus, J. Bojkovski, J. Drnovsek and G. GerSak, Measur. Sci.
Technol., 25, 035006 (2014);
https://doi.org/10.1088/0957-0233/25/3/035006

S. Agarwal, N. Sahoo and R.K. Singh, Int. J. Heat Mass Transf., 103,
327 (2016);

https://doi.org/10.1016/j.ijheatmasstransfer.2016.07.062

J. Cui, H. Liu, X. Li, S. Jiang, B. Zhang, Y. Song and W. Zhang, Vacuum,
176, 109288 (2020);

https://doi.org/10.1016/j.vacuum.2020.109288

P.R.N. Childs, J.R. Greenwood and C.A. Long, Rev. Sci. Instrum., 71,
2959 (2000);

https://doi.org/10.1063/1.1305516

J.A. Becker, C.B. Green and G.J. Pearson, Electr. Eng., 65,711 (1946);
https://doi.org/10.1109/EE.1946.6439939

R.K. Kamat and G.M. Naik, Sensor Rev., 22, 334 (2002);
https://doi.org/10.1108/02602280210444654

Y. Yang, Y. Wang, Y. Zhao, J. Jiang, X. He, W. Yang, Z. Zhu, W. Gao
and L.J. Li, Optics Express, 25, 33290 (2017);
https://doi.org/10.1364/0E.25.033290

L.-Y. Shao, Y. Luo, Z. Zhang, X. Zou, B. Luo, W. Pan and L. Yan,
Optics Commun., 336, 73 (2015);
https://doi.org/10.1016/j.optcom.2014.09.075

Y. Zhao, X. Liu, R.-Q. Lv and Q. Wang, Sens. Actuators B: Chem.,
243, 800 (2017);

https://doi.org/10.1016/j.snb.2016.12.016

C. Li, Q. Liu, X. Peng, S. Fan, Optics Express, 23, 27494 (2015);
https://doi.org/10.1364/0E.23.027494

S. Harish, Master’s Thesis, Data Acquisition Platform for Continuous
Monitoring of Pressure via Textile Sensors, Aalto University, Espoo,
Finland (2023).

A.K. Kole, S. Karmakar, A. Pramanik and P. Kumbhakar, Nanotechnology,
34, 282001 (2023);

https://doi.org/10.1088/1361-6528/accbSf




Vol. 37, No. 6 (2025)

A Comprehensive Review on Sensor Materials, Sensing Mechanism and their Applications 1255

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

J.E. Tressler, S. Alkoy and R.E. Newnham, J. Electroceram., 2,257 (1998);
https://doi.org/10.1023/A:1009926623551

Y. Peng, Physics Dissertations, First-Principles Studies on the Piezo-
electricity and Ferroelectricity of KNN Related Materials, The University
of Texas at Arlington, Arlington, Texas, USA (2020).

C. Boller, Technology, Composites for Sensors and Actuators, In:
Encyclopedia of Materials: Science and Technology, pp. 1376-1382
edn. 2 (2001);

https://doi.org/10.1016/B0-08-043152-6/00256-4

R.A. Surmeneyv, T. Orlova, R.V. Chernozem, A.A. Ivanova, A. Bartasyte,
S. Mathur and M.A. Surmeneva, Nano Energy, 62, 475 (2019);
https://doi.org/10.1016/j.nanoen.2019.04.090

S.C. Karumuthil, K. Singh, U. Valiyaneerilakkal, J. Akhtar and S.
Varghese, Sens. Actuators A: Phys., 303, 111677 (2020);
https://doi.org/10.1016/j.sna.2019.111677

S. Cai, G. Wang, Y. Li and X. Yang, MATEC Web of Conf., 355, 01026
(2022);

https://doi.org/10.1051/matecconf/202235501026

S. Song, Y. Hou, M. Guo, L. Wang, X. Tong and J. Wu, Constr. Build.
Mater., 131, 57 (2017);
https://doi.org/10.1016/j.conbuildmat.2016.11.050

S. Balasurya, S. Kokilavani, B. Janani and S.S. Khan, in eds.: Ram K.
Gupta, Recent Advances in Bioelectronic Noses based on Olfactory
Receptors, In: Nanotechnology Based E-noses Fundamentals and
Emerging Applications, Woodhead Publishing Series in Electronic and
Optical Materials, Chap. 5, pp. 125-141 (2023).

D. Natali and M. Caironi, in eds.: B. Nabet, Organic Photodetectors, In:
Photodetectors Materials, Devices and Applications, Elsevier, Chap.
7, pp. 195-254 (2016).

K.J. Baeg, M. Binda, D. Natali, M. Caironi and Y.Y. Noh, Adv. Mater.,
25, 4267 (2013);

https://doi.org/10.1002/adma.201204979

V.D.B. Bonifacio and R.F. Pires, Mater. NanoSci., 6, 38 (2019).

R. Alrammouz, J. Podlecki, P. Abboud, B. Sorli and R. Habchi, Sens.
Actuators A: Phys., 284, 209 (2018);
https://doi.org/10.1016/j.sna.2018.10.036

S.M. Majhi, A. Mirzaei, HW. Kim, S.S. Kim and T.W. Kim, Nano
Energy, 79, 105369 (2021);
https://doi.org/10.1016/j.nanoen.2020.105369

C. Shen, Y. Li, Y. Chen, X. Guan and R.A. Maxion, IEEE Trans. Inform.
Forens. Secur., 13, 48 (2017);
https://doi.org/10.1109/TTFS.2017.2737969

W. Babatain, S. Bhattacharjee, A.M. Hussain and M.M. Hussain, ACS
Appl. Electron. Mater., 3, 504 (2021);
https://doi.org/10.1021/acsaelm.0c00746

C. Chircov and A.M. Grumezescu, Micromachines, 13, 164 (2022);
https://doi.org/10.3390/mi13020164

R.Yang, W. Zhang, N. Tiwari, H. Yan, T. Li and H. Cheng, Adv. Sci., 9,
2202470 (2022);

https://doi.org/10.1002/advs.202202470

K. Zhang, Z. Ma, H. Deng and Q. Fu, Adv. Compos. Hybrid Mater., 5,
238 (2022);

https://doi.org/10.1007/s42114-021-00329-7

J. Choi, D. Kwon, K. Kim, J. Park, D.D. Orbe, J. Gu, J. Ahn, I. Cho, Y.
Jeong and Y. Oh, ACS Appl. Mater. Interfaces, 12, 1698 (2019);
https://doi.org/10.1021/acsami.9b20097

A.J. Cheng, L. Wu, Z. Sha, W. Chang, D. Chu, C.H. Wang and S. Peng,
Adv. Mater. Technol., 8, 2201959 (2023);
https://doi.org/10.1002/admt.202201959

N.H. Al-Ashwal, K.A. Al Soufy, M.E. Hamza and M.A. Swillam,
Sensors, 23, 6486 (2023);

https://doi.org/10.3390/s23146486

G. Chen, Z. Jin and J. Chen, Sens. Actuators Rep., 5, 100152 (2023);
https://doi.org/10.1016/j.snr.2023.100152

Q. Wang, C. Wang, X. Yang, J. Wang, Z. Zhang and L. Shang, Smart
Med., 2, 20220027 (2023);
https://doi.org/10.1002/SMMD.20220027

S.J. Kamble, A.K. Tawade, K.D. Pawar, J.B. Kamble, P.D. Kamble,
V.B. More, N.M. Naik, V.B. Koli, G.S. Kamble and J.M. Patil, Asian J.
Chem., 35, 1243 (2023);

https://doi.org/10.14233/ajchem.2023.27786

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

N. Wongkaew, M. Simsek, C. Griesche and A.J. Bacumner, Chem. Rev.,
119, 120 (2018);

https://doi.org/10.1021/acs.chemrev.8b00172

W. Wang, S. Kang, W. Zhou and P.J. Vikesland, Environ. Sci.: Nano,
10, 393 (2023);

https://doi.org/10.1039/D2ENO0600F

Y. Khalil and A. El-Din Mahmoud, J. Contemp. Healthcare Anal., 7,
126 (2023).

M.B. Kulkarni, N.H. Ayachit and T.M. Aminabhavi, Biosensors, 12, 892
(2022);

https://doi.org/10.3390/bios 12100892

T.-H. Tan, M. Gochoo, Y.-F. Chen, J.-J. Hu, J.Y. Chiang, C.-S. Chang,
M.-H. Lee, Y.-N. Hsu and J.-C. Hsu, Sensors, 17, 202 (2017);
https://doi.org/10.3390/s17010202

C.A. Oroza, J.A. Giraldo, M. Parvania and T. Watteyne, /[EEE Internet
Things J., 8, 17429 (2021);
https://doi.org/10.1109/JI0T.2021.3082168

A.S. Nandan, S. Singh, A. Malik and R. Kumar, /EEE Sens. J., 21,25912
(2021);

https://doi.org/10.1109/JSEN.2021.3117995

D.K. Bangotra, Y. Singh, A. Selwal, N. Kumar, P.K. Singh and W.-C.
Hong, Sensors, 20, 3887 (2020);

https://doi.org/10.3390/s20143887

A. Vivek, K. Shambavi and Z.C. Alex, Sensor Rev., 39, 417 (2019);
https://doi.org/10.1108/SR-06-2018-0152

Z. Ali, M.S. Hossain, G. Muhammad and A.K. Sangaiah, Fut. Gener.
Comput. Syst., 85, 19 (2018);
https://doi.org/10.1016/j.future.2018.02.021

S.C. Mukhopadhyay, N.K. Suryadevara and A. Nag, Sensors, 22, 5137
(2022);

https://doi.org/10.3390/s22145137

Y.-G. Park, S. Lee, J.-U.J.S. Park, Sensors, 19, 4353 (2019);
https://doi.org/10.3390/s19204353

J. Song, X. Lin, L.Y. Ee, S.EY. Li and M. Huang, Adv. Fiber Mater., S,
429 (2023);

https://doi.org/10.1007/s42765-022-00237-5

Q. Cao, G. Yu and Z. Qiao, Environ. Monit. Assess., 195, 125 (2023);
https://doi.org/10.1007/s10661-022-10690-9

A. Fascista, Sensors, 22, 1824 (2022);
https://doi.org/10.3390/s22051824

M. Bockmair, C. Fischer, M. Letsche-Nuesseler, C. Neumann, M. Schikorr
and M. Steck, IEEE Aerospace Electr. Syst. Magaz., 34, 20 (2019);
https://doi.org/10.1109/MAES.2019.2953802

L.A. Mercante, V.P. Scagion, FL. Migliorini, L.H. Mattoso and D.S.
Correa, TrAC Trends Anal. Chem., 91, 91 (2017);
https://doi.org/10.1016/j.trac.2017.04.004

E. Levintal, Y. Ganot, G. Taylor, P. Freer-Smith, K. Suvocarev and
H.E. Dahlke, Soil, 8, 85 (2022);
https://doi.org/10.5194/s0i1-2021-72

D.K. Fisher and H.Kebede, Comput. Electr. Agric., 74, 168 (2010);
https://doi.org/10.1016/j.compag.2010.07.006

A.F. Smith, X. Liu, T.L. Woodard, T. Fu, T. Emrick, J.M. Jiménez,
D.R. Lovley and J. Yao, Nano Res., 13, 1479 (2020);
https://doi.org/10.1007/s12274-020-2825-6

A. Antonacci, F. Arduini, D. Moscone, G. Palleschi and V. Scognamiglio,
TrAC Trends Anal. Chem., 98, 95 (2018);
https://doi.org/10.1016/j.trac.2017.10.022

X. Chen, C.K. Wong, C.A. Yuan and G. Zhang, Sens. Actuators B Chem.,
175, 15 (2012);

https://doi.org/10.1016/j.snb.2011.11.054

N. Ohana-Levi, I. Zachs, N. Hagag, L. Shemesh and Y. Netzer, Comput.
Electr. Agric., 198, 107016 (2022);
https://doi.org/10.1016/j.compag.2022.107016

K.S. Patle, B. Dehingia, H. Kalita and V.S. Palaparthy, Comput. Electr.
Agric., 200, 107225 (2022);
https://doi.org/10.1016/j.compag.2022.107225

E. Serrano-Finetti, C. Aliau-Bonet, O. Lépez-Lapefia and R. Pallas-Areny,
Comput. Electr. Agric., 165, 104940 (2019);
https://doi.org/10.1016/j.compag.2019.104940




1256 Kamble et al.

Asian J. Chem.

88.

89.

C. He, Y. Qiao, R. Mao, M. Li and M. Wang, Comput. Electr. Agric.,
206, 107667 (2023);

https://doi.org/10.1016/j.compag.2023.107667

Y. Luo, M.R. Abidian, J.-H. Ahn, D. Akinwande, A.M. Andrews, M.
Antonietti, Z. Bao, M. Berggren, C.A. Berkey, C.J. Bettinger, J. Chen,
P. Chen, W. Cheng, X. Cheng, S.-J. Choi, A. Chortos, C. Dagdeviren,
R.H. Dauskardt, C.-an Di, M.D. Dickey, X. Duan, A. Facchetti, Z. Fan,
Y. Fang, J. Feng, X. Feng, H. Gao, W. Gao, X. Gong, C.F. Guo, X.
Guo, M.C. Hartel, Z. He, J.S. Ho, Y. Hu, Q. Huang, Y. Huang, F. Huo,
M.M. Hussain, A. Javey, U. Jeong, C. Jiang, X. Jiang, J. Kang, D.
Karnaushenko, A. Khademhosseini, D.-H. Kim, I.-D. Kim, D. Kireev,
L. Kong, C. Lee, N.-E. Lee, P.S. Lee, T.-W. Lee, F. Li, J. Li, C. Liang,
C.T. Lim, Y. Lin, D.J. Lipomi, J. Liu, K. Liu, N. Liu, R. Liu, Y. Liu, Y.
Liu, Z. Liu, Z. Liu, X.J. Loh, N. Lu, Z. Lv, S. Magdassi, G.G. Malliaras,
N. Matsuhisa, A. Nathan, S. Niu, J. Pan, C. Pang, Q. Pei, H. Peng, D.
Qi, H. Ren, J.A. Rogers, A. Rowe, O.G. Schmidt, T. Sekitani, D.-G.
Seo, G. Shen, X. Sheng, Q. Shi, T. Someya, Y. Song, E. Stavrinidou,
M. Su, X. Sun, K. Takei, X.-M. Tao, B.C.K. Tee, A.V.-Y. Thean, T.Q.
Trung, C. Wan, H. Wang, J. Wang, M. Wang, S. Wang, T. Wang, Z.L.
Wang, P.S. Weiss, H. Wen, S. Xu, T. Xu, H. Yan, X. Yan, H. Yang, L.
Yang, S. Yang, L. Yin, C. Yu, G. Yu, J. Yu, S.-H. Yu, X. Yu, E. Zamburg,
H. Zhang, X. Zhang, X. Zhang, X. Zhang, Y. Zhang, Y. Zhang, S. Zhao,
X. Zhao, Y. Zheng, Y.-Q. Zheng, Z. Zheng, T. Zhou, B. Zhu, M. Zhu,
R. Zhu, Y. Zhu, Y. Zhu, G. Zou and X. Chen, ACS Nano, 17, 5211
(2023);

https://doi.org/10.1021/acsnano.2¢12606

90.

91.

92.

93.

94.

95.

96.

97.

98.

C.Jia, L. Zhao, G. Huang, L. Liu, W. Wang, Y. Yang and Y. Miao, Appl.
Sci., 13, 6869 (2023);

https://doi.org/10.3390/app13126869

A. Litvinov, M. Etrekova, B. Podlepetsky, N. Samotaev, K. Oblov, A.
Afanasyev and V. Ilyin, Sensors, 23, 3760 (2023);
https://doi.org/10.3390/s23073760

C.-M. Wu, K.G. Motora, G.-Y. Chen, D.-H. Kuo and N.S. Gultom,
Mater. Sci. Eng. B, 289, 116285 (2023);
https://doi.org/10.1016/j.mseb.2023.116285

V.C. Nguyen, H.-Y. Cha and H. Kim, Sensors, 23, 3465 (2023);
https://doi.org/10.3390/s23073465

T. Bouguera, J.-F. Diouris, J.-J. Chaillout, R. Jaouadi and G. Andrieux,
Sensors, 18, 2104 (2018);

https://doi.org/10.3390/s18072104

L. Zhao, Z. Liu and J. Mbachu, Sensors, 19, 4131 (2019);
https://doi.org/10.3390/s19194131

W. Wang, F. Yan, S. Tan, H. Li, X. Du, L. Zhang, Z. Bai, D. Cheng, H.
Zhou and Y.J. Hou, Photonics Res., 8, 519 (2020);
https://doi.org/10.1364/PRJ.386040

A. Lahlalia, O.L. Neel, R. Shankar, S. Selberherr and L. Filipovic,
Proceedings, 2, 1508 (2018);
https://doi.org/10.3390/proceedings2131508

M.A. Jamshed, K. Ali, Q.H. Abbasi, M.A. Imran and M. Ur-Rehman,
IEEE Sens. J., 22, 5482 (2022);
https://doi.org/10.1109/JSEN.2022.3148128




