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a compelling need to utilize advanced
technologies in the agriculture sector to
increase agricultural productivity and
reduce food losses to guarantee food security.[2] In this regard, “smart agriculture” or
“precision agriculture” has been attracting
increasing attention due to its capability
for using less to grow more compared
to traditional agricultural practices. In
addition, it improves the quality of the
work environment and social aspects of
farming, ranching, and other relevant
professions.[4]
Smart agriculture comprises a set of
technologies that combines sensors, information systems, enhanced machinery,
and informed management to optimize
production by accounting for variabilities
and uncertainties within sustainable agricultural systems.[3–5]
Among the set of technologies, advanced sensing systems that
monitor soil health and conditions and crop developments are
of paramount importance because they collect and evaluate
critical data for decision making and management, especially
when crop growth conditions vary considerably over space and
time. Spatial variation may result from soil properties, diseases,
weeds, pests, and previous land management. In particular,
some soil properties (e.g., moisture, pH, nutrients) and plant
diseases may form long-term spatial patterns. Temporal variability arises from weather patterns and management practices.
In summary, the soil properties relevant to crop growth include
a range of soil conditions including soil gas, moisture, temperature, nutrients, pH, and pollutants in the soil (Figure 1).[6,7]
Monitoring the soil conditions will provide key information
not only to improve resource utilization to maximize farming
outputs and minimize environmental side effects but also to
build site-specific databases of relationships between soil conditions and plant growth for intelligent and sustainable agriculture systems. Traditionally, soil properties are measured
by soil sampling and offsite laboratory analysis or by on-site
measurement to provide an extensive knowledge of soil information.[8] Seasonally varying crop growth conditions, such as
water stress, lack of nutrients, diseases, weeds, and insects, are
evaluated by visual inspection and laboratory analysis of plant
tissues. The relatively periodically coarse sampling/measurement rate of these conventional strategies may not be sufficient to reveal variation at the appropriate spatial and temporal
resolution. Novel technologies for collecting soil information
with sufficient spatiotemporal resolutions are in demand to
build efficient smart or precision agriculture systems. With the

Soil sensors and plant wearables play a critical role in smart and precision
agriculture via monitoring real-time physical and chemical signals in the
soil, such as temperature, moisture, pH, and pollutants and providing key
information to optimize crop growth circumstances, fight against biotic and
abiotic stresses, and enhance crop yields. Herein, the recent advances of the
important soil sensors in agricultural applications, including temperature
sensors, moisture sensors, organic matter compounds sensors, pH sensors,
insect/pest sensors, and soil pollutant sensors are reviewed. Major sensing
technologies, designs, performance, and pros and cons of each sensor category are highlighted. Emerging technologies such as plant wearables and
wireless sensor networks are also discussed in terms of their applications in
precision agriculture. The research directions and challenges of soil sensors
and intelligent agriculture are finally presented.

1. Introduction
Agriculture is the main source of food grains and many other
widely used raw materials (e.g., wool, crop stalks), and a key
driving force of economic transformation and growth.[1,2]
Increasing agricultural productivity and incomes is crucial to
reducing poverty and achieving food security.[3] With around
820 million people across the globe being undernourished
and a 34% projected growth of world population by 2050—
corresponding to a 60% increase in food demand—there is
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2. Advances of Typical Soil Sensors
2.1. Soil Moisture Sensors

Figure 1. The major sensors for detecting health conditions of soil in
smart agriculture. These sensors include soil moisture sensors, soil
temperature sensors, soil pH sensors, soil nutrient sensors, soil pest/
insect sensors, soil pollution sensors, and plant wearables. For each
type of the sensors, we will discuss the significant progress of sensor
designs, sensing technologies, device performance, pros and cons, and
fabrication.

development of sensing and wireless communication technologies, remote and in situ monitoring the physical, chemical,
and biological attributes of soil (e.g., moisture content, salinity,
temperature, pH level, nutrients) is becoming possible and
will enable the development of advanced smart agriculture
systems.
Here, we summarize recent advances regarding different
types of soil sensors, plant wearables, as well as the development of sensor network systems implemented for smart and
precision agriculture applications, with an emphasis on several key sensor factors in monitoring signals within the plant
growth cycles. As shown in Figure 1, within the crop’s microenvironment, soil moisture level, temperature, pH variation,
nutrient elements, pests/insects, and soil pollutants are key
elements that determine the crop productivity. Site-specific
agriculture management, such as the necessity and quantity
of irritation, fertilizers, and pesticides, will depend on the soil
condition data collected using different kinds of soil sensors.
Soil sensors, including the six different kinds of soil sensors
that measure the soil properties directly, and sensor network
systems that include underground sensors and plant wearables to evaluate the soil and plant health, are systematically
reviewed and discussed. We highlight the major technologies, designs, performance, and pros and cons of each kind
of sensor. Particularly, we discuss the self-powered wireless
sensor networks for the implementation of smart and precision agriculture systems. The research trends and challenges
of soil sensors and intelligent agriculture are finally presented
for guiding future study.
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Soil moisture, also known as soil water, is an important parameter for soil health evaluation and plays a key role in plant
growth. It is the water source for crops to maintain their physiological activities. Soil moisture level significantly influences
the physicochemical properties of soil, thus affecting salt dissolution, plants’ uptakes of water and ions, and microbial
activities. Therefore, monitoring soil moisture level is of great
significance to maintain suitable soil conditions for agriculture production. Soil moisture sensors are used to estimate the
water content in soil, based on which farmers are informed the
irrigation time and amount at a proper level for plant growth.[9]
Typically soil moisture sensors are composed of three parts:
the probe electrodes embedded in soil to supply bias and
readout, the transmission circuits (e.g., coaxial cables), and the
electronics or instruments for signal processing (Figure 2a).
To determine the water content in soil, current soil moisture
sensors are measuring the changes of soil properties related
to water content,[10] such as the dielectric permittivity, matric
potential, and mass (volumetric water content) of soils.[8] Soil
moisture sensors can be categorized by their working mechanisms into four groups: capacitive-based moisture sensors,[11–13]
electro-magnetic induction (EMI)-based moisture sensors, ultrasonic-based moisture sensors,[9] and optical sensors. The capacitive-based moisture sensor is the most widely used soil moisture
sensing technology, which measures the capacitance with no
exposed metal. In contrast, the EMI approaches are operated at
low frequencies (e.g., 38 kHz for EM38 model) with wide horizontal separation between coils, avoiding the troublesome issues
in drilling cores and down-tube installations.[14–16] Although
EMI approaches have demonstrated major advantages, such
as rapid measurement, high accuracy, easy access to deep soil
layers, the high-cost and low resistance to interference affected
its use for smart agriculture applications. Ultrasonic-based soil
sensors measure the acoustic impedances difference between
forward and back ultrasonic waves to categorize the moisture
level, which are usually more expensive due to the requirement
of ultrasonic source and integrated detector. Any change of the
water content will be reflected through the calculated difference
between back-and-forth signals of the ultrasonic soil sensor.
The apparent permittivity (or dielectric constant) of soil
is directly related to its moisture content.[17] The change of
the moisture content in soil will induce dramatically dielectric permittivity change (Figure 2a).[8,10,18] Compared to other
approaches like tensiometers,[19,20] techniques based on the
measurement of dielectric constant easily overcome the restriction of climatic conditions and be more suitable for continuous
monitoring. For example, Dean et al. developed low-cost smallscale interdigitated capacitive sensors for soil moisture measurement based on micro-electro-mechanical system (MEMS)
and printed circuit board technologies (Figure 2b).[21] The asfabricated capacitive sensors showed a nearly linear relationship
between the measured capacitance and soil moisture content
because the dielectric constant of soil varies in proportion to
moisture content.[22] Sulaiman et al. designed a fringing electric
field moisture sensor capable of detecting moisture from
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Figure 2. Soil moisture sensors. a) Schematic illustration of a typical soil moisture sensor with critical components. b) Photograph of the prototype
of a capacitance soil moisture sensor. c) Photograph of a miniaturized wireless system for sensing soil water content and conductivity. d) Schematic
diagram and test setup for a volumetric soil moisture sensor. e) Graphene quantum dot (GQD) soil moisture sensor packaged with a filter cap. SEM
image of the IDE with dimensions of 1.5 mm × 2.4 mm. f) Schematic design of an ultrasonic soil moisture sensor. g) A miniaturized optical moisture
sensor for direct, continuous, in situ monitoring soil water potential variations through the nanoporous ceramic diaphragm. b) Reproduced with
permission.[21] Copyright 2012, IEEE. c) Reproduced with permission.[40] Copyright 2019, IOP Publishing. d) Reproduced with permission.[13] Copyright
2009, IEEE. e) Reproduced with permission.[44] Copyright 2016, IEEE. g) Reproduced with permission.[50] Copyright 2019, IEEE.

1% to 80% volumetric water content with a linear response
(Figure 2d).[13] The measured capacitance from the sensor was
connected directly to the device input using capacitance to
digital converter, and wirelessly transferred using the Zigbee
technology (Figure 2d). One major drawback of the sensor is
the small penetration depth due to the small size of the sensor
and the error readings due to the variability of the electrode
thickness and geometry.
Time-domain reflectometry (TDR) measures the dielectric
constant of soil via the propagation velocity of a pulse travelling along the electromagnetic transmission line embedded
in the soil. Using TDR, Davis et al. empirically determined
the dependence of the dielectric constant, at frequencies
between 1 MHz and 1 GHz, on the volumetric water content
to measure the dielectric constant of a wide range of granular
specimens.[23] They concluded that the soil dielectric constant
is strongly dependent on the volumetric water content and
is almost independent of soil density, texture, salt content,
and even temperature. With the same TDR technology, more
groups are studying how to design the transmission line, how
to perform calibration, how to relate ionic conductivity with
frequency, and how to take into account temperature influence.[24–29] Time domain transmissometry (TDT) is another
dielectric constant measurement technology which measures
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electromagnetic wave propagation time in one direction over
the length of the probe.[30–32] In contrast with TDR, TDT
measures the transmission of a pulse along a closed circuit or
looped rod, reporting enhanced accuracy benefiting from its
robustness against multiple reflections along the sensor.[33] In
the frequency domain reflectometry, the frequency change of
the electromagnetic wave between output wave and the return
wave is measured to evaluate the soil moisture.[34] Ground penetrating radar uses the transmission and reflection of high frequency (1 GHz) electromagnetic waves within the subsurface
to measure the soil’s dielectric constant.[35,36] However, this
type of technique is not only suffering from bulky and expensive instruments, but also complex signal processing due to
signal attenuation. Camphell developed a network analyzer and
a coaxial-transmission-line type of dielectric probe to measure
the complex, dielectric response (both real and imaginary) of
soil.[24] Their dielectric probe measured the ratio of reflected
voltage to an incident voltage signal with frequency range from
1 to 50 MHz, dependent on the impedance of the medium
between the probes. The imaginary dielectric constant showed
variation between soils due to an ionic-conductivity loss mechanism, while the real dielectric constants of soils clearly exhibited direct correlation with water content at the frequency of
50 MHz.
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Differing from the TDR technology, Gaskin and Miller
reported a simplified impedance measuring system with a
probe structure design to determine soil water content.[37]
Their impedance probe consisted of a resistor, a coaxial transmission line, and a stainless-steel wire soil sensing probe.
The volumetric moisture fraction exhibited a cubic relationship with the voltage on a load resistor. However, this impedance measuring system depended on temperature and salinity.
The bulk electrical conductivity of moist soil is influenced by
the electrical conductivity of pore water, the water concentrations, the tortuosity of electrical flow paths in soil matrix, and
the series coupled surface conductivity of soil particles.[38,39] As
shown in Figure 2c, Rusu et al. developed a miniaturized wireless water content and conductivity soil sensor system based on
measuring the frequency-dependent electrical conductivity.[40]
For nonswelling soils (swelling pressure < 0.15 kg cm−2), the
change in volumetric heat capacity is primarily due to the
change of soil moisture.[41,42] Thus, volumetric heat capacity can
be utilized to characterize the soil moisture. A dual-probe heat
capacity sensor consisting of a heater and a temperature sensor
was fabricated to measure the volumetric water content.[43] The
temperature change induced by the instantaneous pulses generated by a line heater at a short distance is inversely related
to the soil volumetric heat capacity determined by the volumetric moisture content. Kalita et al. proposed a resistive type
of soil moisture sensor (Figure 2e) using graphene quantum
dots (GQDs) that demonstrated a response time of 120–180 s
and good stability of 4 months.[44] They fabricated gold (Au)
interdigitated electrodes (IDE) on a Si wafer using a photolithography process while the electrochemically synthesized
GQDs were drop-casted on the IDE as a sensing material. A
sensirion (SHT1X) filter cap was used to package the sensor,
which allowed only soil moisture to diffuse inside the chamber
and interact with IDE micro-sensor. The adsorption of water
molecules coming from the soil surface onto the GQDs surface
strengthened the coupling between the dots, thereby increasing
the conductivity.
Figure 2f illustrates an ultrasonic detector consisting of a
brass or stainless-steel waveguide pipe and an ultrasonic transducer fixed on the upper part of the pipe.[45] An ultrasonic wave
of 40 kHz generated by the transducer and the reflection mode
of the ultrasonic waves was compared to record the scattering
effect at the surface of the underground soil, which depended
on the soil moisture content. This ultrasonic detector can be
easily installed underground for multipoint monitoring in a
wide field area. However, the temperature-dependent effect of
such ultrasonic sensors must be corrected using a dummy pair
system since the measurement data are greatly influenced by
temperature. In addition, compare to commonly used capacitive soil moisture sensors (e.g., Adafruit STEMMA soil sensor,
sold as only $7.5), ultrasonic sensors that are now commercially
available are much more expensive (e.g., UGT582 sensor, sold
as $173), hindering their widely deployment in smart agriculture systems.
Optical methods, such visible and near-infrared (NIR) spectrophotometers, have also been broadly utilized to perform online soil moisture measurement. Moisture absorption bands
exist in the NIR wavelength (1450, 1940, 2950 nm),[46] therefore,
the reflection spectrum variation appears when the moisture
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molecular absorption of the light changes.[47–49] Recently, Dong
et al. developed a miniature embedded sensor for direct, continuous, in situ monitoring of soil water potential variations
(Figure 2g).[50] The soil moisture change in the surrounding
environment will affect the moisture level in the water reservoir covered by a nanoporous ceramic membrane, which will
then bend the SiO2–Si diaphragm into the reservoir due to an
induced negative pressure. By increasing the hydrophilicity and
smoothness of the SiO2–Si diaphragm, a high cavitation pressure was obtained to enable a high resolution (≈0.04 kPa) of the
device.
2.2. Soil Temperature Sensors
Soil temperature, ranging from −10 to 50 °C,[51] is an important
parameter for agriculture because it influences germination,
blooming, compositing, and a variety of plant growth processes, and also significantly influences the physical, chemical,
and microbiological processes in soils that play critical roles
in plant growth.[52,53] Soil temperature is strongly affected by
soil properties including specific heat capacity, thermal conductivity, bulk density, texture, water content, and surface covering materials.[54,55] As shown in Figure 3a, a soil temperature
sensor consists of the temperature probes to transfer the temperature variation into electrical signal and the bias and readout
electronics to interpret the electrical signal into digital data.[55]
There are many electronic temperature sensors that can be
used as soil temperature sensors, including thermocouples,
resistance temperature detectors (RTDs), thermistors, and semiconductor-based temperature sensors.[56–59]
Thermocouples use the electrical potential generated
by a pair of thermoelectrically dissimilar metal/conductor
junctions, commonly iron/constantan, to obtain a millivolt
reading which can be translated to temperature. Thermocouples can be used for precise monitoring of soil temperature
due to their fast response to sudden changes in temperature
and ease of automation.[60] When used for long-distance measurement, thermocouples require long cables with good match
resistance and specific calibration of the system for accurate
measurements.[55] RTDs are typically made of a metal conductive wire wrapped around a ceramic or glass core. The
soil temperature can be recorded by measuring the voltage
across the RTD with a constant current bias. Compared to
thermocouples, RTDs have higher accuracy, better stability,
and better repeatability in temperature measurements.[61,62]
However, RTDs are usually fragile and have to be protected
in the probes, leading to extra resistance to temperature variation. Different from RTDs, thermistors are constructed with
ceramic semiconductors or polymers instead of metal. Thermistors have either a positive temperature coefficient, or a
negative temperature coefficient. Since ceramic semiconductors typically have larger thermal coefficients, thermistors can
provide better resolutions compared to RTDs. However, the
temperature-resistance relationship may be nonlinear, which
requires a complicated calibration process. Linear thermistor
networks connecting several thermistors in series or in parallel can be developed to solve the nonlinear problem, but
may induce higher costs.[63–65]
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Figure 3. Soil temperature sensors. a) Schematic diagram of a soil temperature sensor. b) An on-chip MEMS thin-film polymer sensor for soil moisture
sensing and an on-chip piezoresistor for soil temperature monitoring. The inset shows the packaged MEMS sensor. c) Measurement setup and d) test
results using a biodegradable soil temperature sensor made from an inkjet-printed thermistor on a biodegradable PE mulch film. a,b) Reproduced with
permission.[66] Copyright 2008, Elsevier. c,d) Reproduced with permission.[63] Copyright 2019, IEEE.

Utilizing the temperature sensitivity of P-N junction, the
bipolar transistor can generate a voltage signal across the
base and emitter with a constant current bias. The thermal
coefficient is typically −2 mV °C−1, a higher resolution and
better linearity compared to thermocouples and RTDs. Since
the silicon-based temperature sensor is more compatible with
IC circuits, better performance regarding soil monitoring
can be achieved when integrated with an IC circuitry. The
only concern is the variation of the manufacturing process
with both the temperature sensor and IC circuitry, which in
return makes the calibration unavoidable. One representative
example is a recent on-chip piezoresistive (thermistor) temperature sensor developed by Jackson et al. (Figure 3b).[66]
Their thermistor was bonded onto a silicon-based MEMS
chip to measure temperature. The temperature sensitive
piezoresistor was fabricated by depositing a doped semiconductor strain gauge on top of the cantilever. The soil temperature variation is sensed by measuring the resistance change
due to the thermal expansion of the piezoresistor.[66] Recently,
Sui et al. also fabricated a silver-based biocompatible soil
temperature sensor through a low temperature inkjetprinting protocol (Figure 3c), and the sensor demonstrated an
average sensitivity of 0.246 Ω °C–1, independent of substrate
materials.[63]
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2.3. Soil pH Sensors
Soil pH is a measure of the acidity or basicity/alkalinity of soil,
reflecting the combined effects of the soil-forming factors such
as parent material, organisms, and climate. Besides its influence on microbial activities, soil pH determines the chemical
forms of different nutrients thus affects plant nutrient availability. The optimal pH range of soil suitable for growth of
most plants is between 5.5 and 7.5.[67] For smart and precision
agriculture, pH value of soil can provide valuable information
for controlling the health of soil in a suitable range for specific
crops in the farm.
A few sensing technologies are used for soil pH evaluation:
optical (e.g., colorimetric or photometric methods), electrochemical (e.g., conductometric and potentiometric methods),
and acoustic methods.[68,69] Colorimetric and photometric indicators, such as dyes and pH test strips, rely on color changes
of specific organic pigments that are sensitive to pH, and necessary pH-color charts are used to read the pH level. Compare to colorimetric methods, photometric methods,[68] such
as optical fiber pH sensors,[70,71] fluorometric pH sensors,[72]
holographic pH sensors,[72,73] as well as CCD camera full range
pH sensors,[74] provide much higher resolution and accuracy.
However, due to the complex optical system, none of them is
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suitable for in-site soil measurements. As shown in Figure 4a, a
typical conductometric pH sensor consists of conductivity electrodes and a thin layer of pH-responsive sensing material. The
shrinking of the hydrogel sensing layer causes a response to
the analyst, thereby resulting in the change of electrical properties. The conductometric pH sensor was fabricated by coating
an interdigitated electrode (IDE) with a pH-sensitive hydrogel
membrane.[75,76] A reversely pH-dependent swelling hydrogel
could be used for such a design to build reusable pH sensors.[77] However, due to the use of a hydrogel sensing layer,
a soil solution had to be prepared for the pH monitoring. To
overcome this limitation, a new type of pH-sensitive polymer
materials (adjustable ion concentration and hence conductivity)
was developed to make the in situ soil conductometric sensor
available.[78] Drop-coating polyaniline/polyvinyl butyral onto the
IDEs could increase the adhesion between the pH-sensitive film
and the electrode/substrate.[79] Tin oxides (SnO2 and SnO) and
TiO2 were explored as a sensing layer to replace hydrogel, and
the obtained SnO2-based pH sensor demonstrated considerable
pH-conductivity relationship at low working frequencies.[80,81]
Figure 4b presents a potentiometric soil pH sensor composed of sensing half-cell (i.e., ion-selective electrodes, the
potential directly related to the pH value of the sample) and
reference half-cell (providing the stable reference electrode
potential value).[82] This sensor structure needs two separated
electrodes, one is coated with a pH-sensitive material (e.g., pHsensitive glass), the other is made of an inert material (e.g.,
Ag/AgCl) to serve as the reference electrode. The pH value is
obtained by comparing the potential difference between the two
cells. The potentiometric soil pH sensing cell was made of a

glass electrode with an Ag/AgCl wire and electrolyte inside.[67]
In the reference half-cell, Ag/AgCl with a salt solution with a
constant concentration of Cl– can provide very stable reference
potential, while in the sensing half-cell, the inside of the ionsensitive glass membrane is filled with hydrochloric acid (HCl)
at a known proton concentration. The pH changes, due to the
variation of H+ at the two sides of the glass membrane, can be
measured based on Nernst equation because the pH value is
directly related to the glass membrane potential. Because the
glass electrode is fragile, other materials have been studied to
replace the proton-sensitive glass. Having its basis on benzoxazole guanidine (BG) as a suitable ionophore, a polyvinyl chloride (PVC) membrane electrode for dysprosium (III) ions was
built to replace the proton-selective glass membrane. With the
replaced membrane, noticeable potential divergence and good
selectivity with respect to most alkali in soil were reported.[83]
Compared to PVC, a pH-sensitive membrane based on a
photocurable urethane-acrylate polymer with dictyoseptate as
plasticizer and tetra-dodecyl-amine as ionophore was easily fabri
cated.[84] The pH-sensitive membrane based on ion-selective
electrodes demonstrated a sensitivity of 55 mV per pH and a
linear range of pH from 2 to 10.
In addition, the performance of ion-selective pH sensors
can also be improved through electrode material modification and new fabrication methods (Figure 4c). For example, by
depositing thin films of α-PbO2 and β-PbO2 on aluminum substrate electrodes, the modified ion-selective electrodes exhibited potentiometric response to hydrogen ion concentration.[85]
The potentiometric response of the modified electrodes was
approaching the theoretical slope of Nernstian response and

Figure 4. Soil pH sensors. a) Schematic illustration of a soil pH sensor. b) A potentiometric soil pH sensor consisting of a sensing half-cell and
a reference half-cell. c) Schematic of a pH sensing layer made of interdigitated ion-selective electrode structure with an ion-selective membrane.
d) Screen-printed ion-selective electrodes for pH sensing. e) Schematic illustration of a ISFET structure for soil pH detection. a,b) Reproduced with
permission.[82] Copyright 1974, American Chemical Society. d) Reproduced with permission.[86] Copyright 2011, Elsevier. e) Reproduced with permission.[89] Copyright 2011, Elsevier.
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comparable with that of the glass pH electrodes.[85] As shown
in Figure 4d, researchers employed screen-printing methods
to fabricate electrochemical pH sensors. The mechanical
and chemical robustness of the printed electrodes were validated through the detection of pH and salinity change when
immersed in soil columns. These screen-printed sensors can
serve as an invaluable tool for hydrology, agricultural science,
soil science, and environmental science.[86]
Ion selective field effect transistor (ISFET) is an alternative
for soil pH sensing.[68,69,87,88] An ISFET consists of a drain electrode and a source electrode together with a third gate electrode
between them (Figure 4e). pH-sensitive materials, such as silicon oxide (SiO2), silicon nitride (Si3N4), and aluminum oxide
can be coated on top of the gate electrode. When an ISFET is
exposed to the testing solution, the pH-responsive material will
induce a change of the gate voltage, thereby the current from
source to drain electrode will vary based on the pH change.
Compared to the ion-selective electrodes, the ISFET is more
compatible with the advanced IC design, which in return can
provide advantages such as miniaturization, system integration, excellent sensitivity, and resolution, as well as good stability and selectivity.[88–90] However, due to the complexity of the
soil environment, ISFETs need to be packed very well to avoid
any damage when inserted into the soil.
Bashir and Gupta designed a microcantilever-based pH
sensor,[91] in which the cantilever was fixed on top of a piezoresistive hydrogel or polymer layer. When the pH changes
in the test solution, the hydrogel/polymer layer will shrink or
swell, leading to the deformation of the cantilever. Thus, the
pH value of the test sample can be reported by measuring the
frequency change induced by the cantilever deformation.[68,91]
Modified silicon (SiO2)/(Si3N4) was used as the micro-cantilever
for pH measurement via the micromechanical technique.[92]
For example, an aminosilane-modified SiO2/Au cantilever performs robustly over pH range 2 ± 8 (49 nm detection/pH unit),
while Si3N4/ Au cantilevers perform well at pH 2 ± 6 and 8 ±
12 (30 nm detection/pH unit). The cantilever-based pH sensor
shows a high sensitivity, but the system is more complex and
quite sensitive to noise. Recently, a magnetoelastic pH sensor
was proposed to address this issue.[93] In the new design, when
an electrical field was applied to the driving coil, the induced
magnetic field enforced the substrate to vibrate at a certain frequency. The mass (swelling or shrinking) of the pH-sensitive
material changed with the pH value. Then, the induced mass
variation of the sensitive material affected the vibration frequency. As a result, the pH change can be calculated based
on the interconversion between the magnetic energy and the
elastic energy.
2.4. Soil Nutrient Sensors
Among the soil organic matters (SOMs), nitrogen (N), phosphorus (P), and potassium (K) are the most important nutrients for crop production.[94,95] In agriculture engineering, N,
P, and K fertilizers are applied to improve the production of
crops. However, excessive anthropogenic nutrient inputs have
significant side effects economically and environmentally.[96] As
shown in Figure 5a, only a small amount of fertilizers (e.g., N
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and P) is consumed by crops and much of them is lost due to
leaching, volatilization, and erosion. To adapt nutrient-deprived
environments of plants, efficient and accurate detection of
nutrient compounds in soil is essential for developing precision
agriculture and the sustainability of the environment.[94,97–101]
The NIR reflectance-based sensors have been utilized to
measure the spatial variation of both surface and subsurface soil
nitrogen.[102–104] Optimal wavelengths for predicting the SOM
content can be identified by studying the spectral reflectance
of soil samples in the IR and visible wavelength regions.[105,106]
Recently, online measurements of the total nitrogen were
reported to predict soil nitrogen using NIR spectrophotometry
technology.[47,107,108] Nitrogen in soil that is available for plants
exists in an inorganic form, i.e., nitrate (NO3− ) and ammonium
(NH+4 ), and the measurements of the ion concentrations can be
effectively utilized to predict the nitrogen content in soil.[109–111]
For example, Garland et al. used laser-induced graphene (LIG)
as electrodes for electrochemical ion-selective sensing of
plant available nitrogen (i.e., NH+4 and NO3− ) in soil samples
(Figure 5b,c).[112] The LIG electrodes were functionalized with
distinct ionophores specific to NH+4 (nonactin) or NO3− (tridodecylmethylammonium nitrate) within poly(vinyl chloride)based membranes to create distinct solid contact ion-selective
electrodes (SC-ISEs) for NH+4 and NO3− ion sensing, respectively. The LIG SC-ISEs demonstrated detection limits of 28.2 ±
25.0 × 10−6 m (NH+4 ) and 20.6 ± 14.8 × 10−6 m (NO3−), and linear
sensing ranges of 10−5−10−1 m for both sensors (Figure 5d,e).
Artigas et al. reported a probe that incorporated three nitrateselective electrochemical sensors at three different depths and
equipped a copper plate reference electrode.[113] Since the inorganic nitrogen was in ionic state, the ISE and ISFET could
be utilized for nitrate and ammonia detection. Ygodina et al.
developed an air-gap sensor using the nitrate-ISE and a soil pH
electrode structure.[114] By integrating the ISE with an on-the-go
pH mapping design, Adamchuk et al. performed a simulated
in-field soil nitrate measurement.[115] Ali et al. also developed
an all-solid-state soil nutrient sensor to measure the nitrate in
soil using poly(3-octyl-thiophee)-molybdenum disulfide (MoS2)
nanocomposite as an ion-electron transducing layer. It demonstrated a high sensitivity of 64 mV per decade, a detection range
of 1–1500 ppm NO3− , and maintenance-free capability over a
period of 4 weeks.[116] A hybrid ISFET/FIA system combining
ISFET with flow injection analysis (FIA) was proposed to perform real-time on-the-go soil nutrient sensing.[117,118] Gieling
et al. employed ISFET and ISE to predict liquid fertilizing
agents in a horticulture greenhouse.[119] Their system was able
to provide reliable nitrate information for a 1 week period.
Yokota et al. developed an optical sensor based on the photo
metric detection of the soil nutrients (ammonia nitrogen,
nitrate nitrogen, available phosphorus, available iron,
exchangeable manganese, and exchangeable calcium). In this
optical sensor, the wavelength of light-emitting diode was
chosen to fit the absorption band of chemical reagents whose
color was developed by reaction with soil nutrients.[120] Patkar
et al. reported an MEMS-based lab-on-chip system with ISE
embedded to measure soil nutrients.[99] The silicon nitride
microcantilever could provide nitrate measurement at the sensitivity of pM level when methyltridodecy-lammonium nitrate
and nitrate ionophore VI in the polymer matrix was chosen to
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Figure 5. Soil nutrient sensors. a) Schematic illustration of the distribution of organic nitrogen and phosphorus in a soil system. b) Photograph of
laser-induced graphene (LIG) solid-contact ion-selective electrodes (SC-ISEs) on a single polyimide swatch. c) Schematic illustration of the SC-ISE ion
sensing. d) Measured real time plots of NH4+ and e) NO3− ions during soil column flush experiments using LIG SC-ISEs compared to commercial ion
probes. f) SWCNT-based chemiresistive sensor. The resistance of the SWCNT will be increased with the increase of NH3 and N2 concentration. g) A
disposable on-chip microsensor with planar cobalt (Co) microelectrodes and Ag/AgCl reference on polymer substrate for phosphate detection in soil
extracts. Integrated the microchannel on top of the microfabricated planar cobalt microelectrodes can enhance the throughput by utilizing the advantage of microfluidics. b–e) Reproduced with permission.[112] Copyright 2018, American Chemical Society. f) Reproduced with permission.[124] Copyright
2018, American Chemical Society. g) Reproduced with permission.[136] Copyright 2007, Elsevier.

fabricate the ISEs. Another approach to record nitrogen content variation in soil is to measure the ammonia gas (NH3)
generated through a denitrification process. Optical sensors.[121] and single-walled carbon nanotube (SWCNT)based
chemiresistive sensors (Figure 5f)[122–124] have been widely
used because of their high sensitivity at ppb level. Instead of
directly measuring the nitrogen content in soil, sensing and
signal transduction networks were also used to indirectly
detect nutrient deprivation in soil through monitoring the
plant responses and growth, such as the chlorophyll meter
measurement and the normalized difference veneration index
(NDVI) recording.[94,125–130] For instance, reactive oxygen spe-
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cies will rapidly increase after mineral nutrient deprivation.
Thus, analyzing the metabolic and morphological responses of
plants can sense the nitrogen variation due to the addition of
nitrate.[101]
Similar to the soil nitrogen content sensing, a phosphorus
(P) sensing system can utilize UV, visible, or NIR to achieve a
noncontact, cost-effective, time-saving, and less laborious measurement of phosphorus concentration in soil.[98,131,132] VIS or
NIR spectroscopy has been demonstrated to measure the P concentration in the soil samples and the in situ soil test.[133] For
example, Jung et. al. proposed an NIR sensor with cobalt electrochemical sensing data and developed a data fusion method
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to determine phosphorus concentration.[134] Lemos et al. developed a selective chemical sensor via a phosphorus-selective
PVC probe to monitor soil nutrients, establishing a rational process for controlling the use of fertilizers in crops.[135] Zou et al.
reported a disposable on-chip microsensor (Figure 5g) with
planar cobalt (Co) microelectrodes and Ag/AgCl reference electrode on a polymer substrate for phosphate detection in soil
extracts.[136] Their microfabricated planar Co microelectrodes
showed phosphate-selective potential response over a range
from 10–5 to 10–2 m in acidic medium (pH 5.0) for both inorganic (KH2PO4) and organic (adenosine 5′-triphosphate (ATP))
phosphate compounds in soil, exhibiting higher selectivity,
higher sensitivity, and better stability than a conventional bulk
Co-wire electrode. Although the lifetime of the device was limited to ≈30 min only, the proposed phosphate sensor yielded a
few advantages such as ease of use, cost effectiveness, reduced
analyst consumption, and ease of integrating into disposable
lab-on-a-chip devices. Yokota et al. also developed a compact
optical sensor that was based on the photometric detection
of soil nutrients to detect the phosphorus (P2O5), achieving a
1–2 mg/100 g sensitivity.[120] Lee et al. developed a portable field
Raman sensor capable of fast detection and low-cost measurement.[137,138] The Raman sensor had a laser source at 785 nm
with a typical full-width at half-maximum of 0.2 nm and a laser
probe assembly with a 1 m optical fiber. This Raman probe can
be utilized to obtain a significant P absorption band in soils and
to determine P concentration with a sensitivity of 151 mg kg−1.
Integrated with nitrogen sensing, NDVI and gene transcriptions can be used to predict the phosphorus status.[94,131] In
addition, integrated lab-on-chip phosphorus analyzers that were
developed for water phosphorus monitoring can be applied for
soils with high water content.[139,140]
2.5. Soil Insect/Pest Sensors
Plant diseases and pests may cause significant reduction in
both quality and quantity of agricultural products. They could
directly damage plant roots and bulbs or first develop and grow
in the soil and then become above-ground phytophagous or
plant-eating bugs. The major soil pests that induce agriculture loss are beetles, moths, butterflies, flies, and others of
equal importance.[141,142] A few promising methods have been
proposed to detect soil pests, including optoelectronic sensors,
acoustic sensors, impedance sensors, and nanostructured biosensors.[143,144] For instance, Potamitis et al. proposed a bimodal
optoelectronic sensor for automatedly monitoring insects
(Figure 6a,b).[145] The bimodal sensor (i.e., electronic e-trap),
consisting of Fresnel lenses and associated stereo-recording
device, can record the wingbeat events of an insect in flight as
backscattered and extinction light. By examining the spectral
content of the wingbeats of fruit flies (Figure 6c), it was able to
estimate the pest population from the field straight to a humancontrolled agency in real-time.
Acoustic sensors can provide nondestructive, remote, and
automated detection and monitoring of cryptic insects. The
efficacy of the sensors typically depends on multiple factors,
including sensor type, frequency range, substrate structure,
assessment duration, and the size and behavior of insects.[146]
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The first acoustic insect sensor was based on carbon button
microphones.[147,148] Then dynamic condenser or capacitive
microphones were also developed for such purposes, archiving
a gain of 60–120 dB and nearly a constant response in the frequency range of ≈0–20 kHz.[149] Vibration sensors (e.g., accelerometers and piezoelectric disks) are more suitable for signals
generated in or under soil.[150] The sensor–substrate interface
can strongly affect the sensitivity and reliability of vibration
measurement. Mankin et al. reported an accelerometer sensor
system to detect soil insects of 20–30 cm length with an ≈100%
reliability.[151] Shuman et al. and Hagstrum et al. developed an
automated method using acoustical sensors made of piezoelectric disks to detect insects in stored grain,[152,153] achieving
a 92% accuracy in grading “clean” grain and a 64% accuracy in
grading “infested” grain.
Ultrasonic sensors are particularly effective for detecting
wood-boring pests because of the negligible background noise
at the frequencies of >20 kHz. Using piezoelectric crystals with
a resonance frequency of 40 kHz, Mankin and Fisher developed an ultrasonic signal detection system to detect otiorhynchus sulcatus larval infestations in nursery containers.[146,154]
The microphones and piezoelectric disks were directly inserted
into the soil, while the accelerometers and ultrasonic sensors
were attached to a metal waveguide inserted into the soil. One
major challenge of using acoustic devices is to distinguish the
sounds produced by target species from other sounds. With
the rapid progress in reliability, ease of use, and reduced costs,
acoustic sensors are expected to have considerable potential in
cryptic insect detection and monitoring. Recently, Görres and
Chesmore developed an acoustic data analysis method based
on the stridulations of larvae for noninvasive species-specific
pest monitoring.[155] The proposed fractal dimension-based data
analysis method could automatically detect audio sections with
stridulations and provide a semiquantitative estimate of stridulation activity (Figure 6d,e).
Luong et al. developed an impedance sensor—ECIS (electric
cell-substrate impedance sensing) to monitor the attachment,
motility, spreading, and mortality of adherent insect cells.[156]
The impedance sensor had eight gold electrodes deposited at
the bottom of tissue culture wells and immersed in culture
medium while the cells were grown on top of those electrodes.
The impedance of the device increased upon the attachment
and spreading of insect cells on top of the gold electrodes.
Airborne remote sensing is flexible and versatile and offers
a low-cost alternative for sustainable soil pests management
strategy. This kind of sensing depends on the required spatial
resolution, high-resolution images, and algorithms for image
analysis. For instance, Lan et al.[157] and Lehmann et al.[158]
reported airborne hyperspectral remoting sensing systems by
integrating a camera, radio frequency identification, NIR, and
color IR) or X-ray-based image sensors with an unmanned
aerial system or telemetric system. To increase the spatial resolution of insect detection, wireless sensor networks (WSNs),
consisting of widely distributed sensing nodes, data communication protocol, and data processing algorithms, have also been
developed to predict the insect infestation using multisensory
signals.[159,160] The role of the WSNs in agricultural disease
and insect pest control includes the information collection of
disease and insect pests and the data processing and analysis
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Figure 6. Soil insect sensors. a,b) Schematic illustration of the design and working mechanism of a bimodal optical sensor (electronic e-trap) consisting of Fresnel lenses and associated stereo-recording ability to record the wingbeat spectrum profile. c) Mean ± SD power spectral densities of
scattered light of the wingbeat of B. oleae versus C. capitate. d) Acoustic patterns produced by stridulation of larvae of Melolontha. e) Stridulations
manually counted in continuous audio recordings of third instar Melolontha hippocastani activities in laboratory soil incubations with 1 and 3 larvae,
respectively. Each audio file was 50 min long. For the incubation with 1 larva, only 14 audio files were sequentially recorded. f) Schematic illustration
of gold-nanoparticles-amplified electrochemical immunoassay for Pantoea steartii sbusp. stewardtii (PSS) detection. a,b) Reproduced and c) Adapted
under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[145] Copyright
2018, The Authors, published by Hindawi. d,e) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license
(https://creativecommons.org/licenses/by/4.0).[155] Copyright 2019, The Authors, published by Springer Nature. f) Reproduced with permission.[165]
Copyright 2014, American Chemical Society.

for guiding the site-specific and time-specific treatments. More
details in this aspect will be discussed in Section 4.
The presence of moisture at the soil–air interface or in the
top layer of soil is proved to be a hotbed for the development
of plant pathogens which may cause severe plant disease and
threaten food safety. Compared to nematodes and insects, pathogens can be much smaller in the submicron scale, resulting
in the detection failure of the traditional probes.[161,162] Nanotechnology-based biosensors can deliver fast, accurate, costeffective, and in-field analysis of plant pathogens.[163] Applying
synthesized biocompatible nanosized CdSe quantum dots
(QDs) with the DNA probe, Bakhori et al. exploited the fluorescence resonance energy transfer (FRET) technology to detect
the synthetic oligonucleotide of DNA for Ganoderma boninense,
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an oil palm pathogen.[164] The FRET approach with QDs could
determine the hybridization process, demonstrating a high sensitivity and a low detection limit of 3.55 × 10–9 m. Due to a high
surface-to-volume ratio, gold nanoparticles (Au-NPs) have been
employed for pathogen detection with low detection limits and
high specificity. As shown in Figure 6f, Zhao et al. reported a
dual amplified electrochemical sandwich enzyme-linked immunoassay (ELISA) to tag the Au-NPs with the Horseradish peroxidase (HRP) antibodies to detect Pantoea stewartii sbusp. stewartii
(PSS) plant bacterial pathogen. A linear sweep voltammetry
curve between current response and PSS concentration was
established with a limit of detection (LOD) of 7.8 × 103 cfu mL−1
in ≈30 min.[165] Siddiquee et al.[166] modified gold electrode with
a ZnO-NPs/Chitosan nanocomposite membrane to develop an
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electrochemical DNA biosensor for the identification of a soilborne fungi Trichoderma harzianum, reporting a highest sensitivity, a LOD of 1.0 × 10–19 mol L−1 among all nanostructure
biosensors for plant pathogen detection.
2.6. Soil Pollutant Sensors
A number of undesirable heavy metal accumulation, industrial waste, pesticides, herbicides, and hydrocarbon pollution
inappropriately entering soil will generate soil pollution or
contamination,[167,168] which will pose severe risks to human
health and ecosystem. Currently the concerns to soil pollutants in agriculture are mostly the heavy metals, herbicides, and
hydrocarbons.[169] Extensive use of herbicides and pesticides
poses far-reaching consequences due to the significant runoff
and leaching of these compounds through soil resulting in
water and food contamination.[170] In this regard, Prasad et al.
employed a differential pulse anodic stripping voltammetry
method to fabricate a double-template molecularly imprinted
polymer nanofilm-modified pencil graphite electrode, which
can simultaneously analyze phosphorus-containing amino
acid-type herbicides such as glyphosate (GLY) and glufosinate
(GLU) in soil.[171] They immobilized Au nanoparticles and
directly grew a nanostructured polymer film on the substrate
decorated with monomeric molecules. The modified sensor
exhibited a wide linear range from 3.98 to 176.23 ng nL−1 and
0.54 to 3.96 ng nL−1 with detection limits as low as 0.35 and
0.19 ng mL−1 for glyphosate and glufosinate, respectively.
Recently, Dong et al. developed a methyl parathion sensor
using multiwalled carbon natotubes–CeO2–Au nanocomposite
(MWCNTs–CeO2–Au). The sensors reached an ultralow detection limit of 3.02 × 10–11 m for methyl parathion.[172]
Compared with electrochemical methods, biosensors or
immunosensors are more widely utilized in herbicide detection. For example, Tang et al. developed an electrochemical
immunosensor using a disposable and conductive chitosan/
gold nanoparticle composite membrane and reached a detection limit of 5 ng mL−1 for picloram.[173] They encapsulated the
self-synthesized picloram antibody in the immune membrane
to form an immunoconjugate by a competitive immunoreaction, followed by immobilizing the HRP-labeled secondary
antibody. Baskeyfield et al. reported a membrane-based immunosensor using a heterogenous competitive ELISA to detect
another common herbicide isoproturon, achieving a detection
limit of 0.84 ng mL−1.[174] Carbon working electrodes (WEs) and
silver–silver chloride pseudo-reference electrodes (REs) were
screen-printed to incorporate a membrane contacting with the
WE to facilitate signal transduction. After applying the HRPlabeled polyclonal antibody, an immobilized isoproturon-ovalbumin conjugate-contained membrane was then laminated
on top of the WE. Similar immunosensor systems were also
reported to detect atrazine and parathion.[175,176]
Due to the increased soil contamination problems related
to heavy metals, the needs for measuring heavy metals in soils
have explosively grown in the past few years. By designing an
acrylic mold with an applied parallel capacitor method, Lee
et al. studied the imaginary part of the dielectric constant of
contaminated soil samples in the frequency range from 75 kHz
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to 12 MHz.[177] Hung et al. developed a selective colorimetric
method to detect aqueous mercuric, silver, and Pb ions using
label-free gold nanoparticles (AuNPs) and selected alkanethiols
induced the degree of AuNPs aggregation in the presence of
target cation.[178] As shown in Figure 7a, for the detection of
individual or multiple heavy metals, different research groups
using electrochemical electrodes have reported the sensitivity
of ug L−1 level with both amperometric and voltammetric
methods.[179–181] The electrochemical sensors for heavy metal
detection can be improved to get better sensitivity or selectivity
by modifying the electrode surface with nanoparticle coatings
or ion-selective membrane coatings.[182–190] Real-time on-site
sensing of heavy metal is always a challenging task due to the
requirement of the electrolytes for electrochemical reactions.
Recently, microfluidic paper-based analytical devices (μPADs)
for electrochemical sensing was developed (Figure 7b) using
passive capillary-force to transport sampled fluid through patterned paper channels into distinct detection zones that contain
the reagents for specific electrochemical assay.[191–193] The μPAD
allowed for shorter collection time and combined sampling and
analysis in a single device, exhibiting an extremely high sensitivity of up to 0.12 µg (Cr) and 0.25 ng (Cd and Pb).[193]
Bioavailable or bioassays sensors are another common technology for detecting soil heavy metals.[98,168,194,195] Based on the
sensing techniques or the transducer components, bioavailability sensors can be categorized into three major types: electrochemical microbial biosensors, conductometric (impedance)
sensors, and optical microbial biosensors. Wang et al. reported
a P-benzoquinone-mediated amperometric biosensor based
on real-time monitoring of inhibition effect on metabolism
for detecting multiple heavy metal ions with a sensitivity of
≈mg L−1.[196] Conductometric enzyme-based biosensors having
excellent sensitivity performance were also developed based
on the variation of conductivity induced by pollutants.[197–199]
For example, Chouteau et al. utilized the algae enzymatic reaction to detect local conductivity variations, achieving a LOD of
1 ppb for cadmium (II).[198] Microbial whole-cell sensors have
been widely used to assess the bioavailability and the risk of
toxic elements, but their environmental use, i.e., soil heavy
metal pollution monitoring, is still limited due to the presence
of other interfering pollutants and nonspecific binding in cells.
For example, Hou et al. reported bioluminescent detection of
heavy metal in polluted soil by combining an E. coli sensor set
with binary regression models for the specific detection of bioavailable cadmium (Cd), lead (Pb), and arsenic (As).[200] Ivask
et al. developed two recombinant bacterial sensors (one for Cd
and the other for Pb and Cd) to determine the bioavailability
of heavy metals in soil–water suspensions and particle-free
extract[201] Wei et al. presented a luminescent reporter gene
system that could detect a concentration of Hg at 200 × 10−9 m
by fusing the mercury-inducible promoter, PmerT, and its regulatory gene, merR, with a promoterless reporter gene EGFP.[202]
Optical biosensors based on green fluorescent E. coli for evaluating the toxicity of soil heavy metals were also reported by
several groups.[203–205] For example, Hossain and Brennan proposed a solid-phase bioactive lab-on-paper sensor (Figure 7c) for
rapid, selective, and sensitive detection of heavy metals in soil.
Their sensor was inkjet printed with sol–gel entrapped reagents
to allow the colorimetric visualization of the enzymatic activity
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Figure 7. Soil pollutant/contamination sensors. a) Schematic diagram shows the structure of electrochemical sensing and biosensing groups. b) A
microfluidic paper-based analytical device (μPAD) used the passive capillary-driven flow of aqueous through patterned paper channels to transport
sampled fluid into distinct detection zones that contain the reagents for specific electrochemical assay. c) A solid-phase bioactive lab-on-paper sensor
inkjet printed with sol–gel entrapped reagents. The colorimetric visualization of the enzymatic activity of β-galactosidase works as a detector of toxic
heavy metal ions. The image on the right is the colorimetric result of different Hg concentration. a,b) Reproduced with permission.[193] Copyright 2014,
American Chemical Society. c) Reproduced with permission.[206] Copyright 2011, American Chemical Society.

of β-galactosidase (B-GAL).[206] The β-galactosidase-based colorimetric paper sensor could record multiple heavy metals simultaneously and exhibited an excellent sensitivity of 0.001 ppm
LOD for Hg.

3. Fabrication Approaches for Soil Sensors
With the development of advanced manufacturing methods,
in particular the micro-/nanofabrication technology, precise
control of sensors can reach micro or even submicron accuracy, which not only enhances the sensor performance greatly
but also reduces the sensor size to meet the spatiotemporal
resolution requirement.[207,208] Although detailed procedures
for manufacturing may vary significantly for different soil sensors, considering the similar protocols and equipment used
in the process, the fabrication approaches for soil sensors can
be summarized into two major categories: lithography-based
fabrications and printing methods (or additive manufacturing
methods).
Lithography-based fabrication processes (Figure 8),
either bottom-up or top-down, typically require restricted
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clean-room environments and expensive facilities. As shown
in Figure 8a, the lift-off process is a typical bottom-up process which adds sensing materials onto the substrate step by
step; while the etching process in Figure 8b is a top-down
process which removes the unwanted pattern away from
the substrate. The key step of this microfabrication process
is the pattern generation step, known as a lithography process. By utilizing optical sensitive material, photoresist, and
patterned mask, with specific UV light exposure and a following development process, the pattern that was designed
in the mask can be transferred into a photoresist layer,
which serve as the pattern define layer for the following
lift-off or etching process. For example, the graphene QD
soil moisture sensor developed by Kalita et al. utilized a
lift-off process to form the IDE electrodes,[44] while the onchip piezoresistive soil temperature sensor developed by
Jackson et al. utilized an etching process to fabricate the
microcantilevers.[66]
Although lithography-based fabrication in cleanrooms
can push the sensor feature size down to nanometer level
with excellent repeatability and reliability, the requirement
of using expensive fabrication facilities could put a heavy
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Figure 8. The fabrication approaches for soil sensors. a) Bottom-up fabrication process that typically consists of i) lithography, ii) thin-film deposition,
and iii) lift-off process. b) Top-down fabrication process which typically consists of i) thin-film deposition, ii) lithography, iii) etching, and iv) surface
cleaning. c) Screen printing method. d) Inkjet printing method.

burden on the cost of final sensors. In contrast, printing
methods, such as screen-printing method (Figure 8c) and
inkjet printing method (Figure 8d), have drawn increasing
attention due to the merits of ease of use, low requirements
for manufacturing environments, and saving of materials.
For example, the potentiometric Ag/AgCl pH sensor developed by Cranny et al. utilized a screen-printed approach.[86]
With the help of a stencil as the mask in the patterning process, screen printing can greatly increase the fabrication efficiency and provide a thicker film for enhanced conductivity
of the electrodes. However, the resolution of the stencil as
well as the ink spreading problem of screen-printing method
constraint the feature size of sensors. Compared to screen
printing, inkjet printing, using a precisely manufactured
nozzle, can directly write desired patterns onto the target
substrates with a resolution of tens of microns. For example,
Sui et al. utilized a low-temperature inkjet-printing technique to fabricate a silver-based soil temperature sensor with
a feature size of several hundreds of microns,[63] while Oren
et al. developed an inkjet-printing-based roll-to-roll approach
to fabricate graphene-based strain sensors that had a feature
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size of 20 micros.[209] Both fabrication methods can be used
for fabricating sensors on rigid substrates (e.g., silicon and
glass) or flexible/stretchable substrates (e.g., polydimethylsiloxane (PDMS) and polyimide). For example, Nasar et al.[210]
demonstrated a stretchable strain sensor on a PDMS substrate. As a summary, lithography-based fabrication has
excellent advantages regarding the fabrication resolution and
yield, while printing methods provide the potential to significantly reduce the manufacturing cost as long as the fabrication limitations can be further overcome.

4. Smart Agriculture System
4.1. Soil Sensor Network
Soil properties are spatially and temporally varying,[211,212] which
bring up the challenge in achieving a high accuracy in landscape monitoring. If relied on remote measurements, some
interfering factors can limit the spatial and temporal resolution while the on-the-go sensors are generally labor-intensive
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Figure 9. Wireless sensor networks (WSNs) for smart and precision agriculture. a) Schematic diagram of a smart agriculture system. Soil sensing
nodes consist of multiple soil sensors, inserted into the soil. The plant wearables are attached on the surface of plants. The deployment density of the
sensor nodes and plant wearables can be adjusted based on the spatial resolution and the detection range of the sensors. Wireless communication
is used to collect data from all the sensing node and data will be stored in the Cloud. b–d) Plant wearables utilized near field communication (NFC)
technology to transmit the data information to a cellphone for wirelessly recording the real-time plant growth. e) Self-powered nanosensor made of tellurium nanowires (TeNWs). The TeNWs acted as a sensing material for mercury ion detection and also a thermoelectric material for energy harvesting.
PEDOT:PSS and Ag paste were sequentially coated to form a thermoelectric nanocomposite. b–d) Reproduced with permission.[225] Copyright 2018,
IEEE. e) Reproduced with permission.[228] Copyright 2019, Elsevier.

and recourse-consuming.[211] As shown in Figure 9a, the use
of a WSN with coarsely distributed sensors, especially in-site
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underground soil sensors, provides a feasible solution to
improve our capability to regulate the soil environments.[213,214]
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WSN technology can allow real-time soil water content
monitoring with a high spatial and temporal resolution for
observing hydrological processes in small watersheds. For
example, Bongena et al. developed a wireless soil water content
network (SoilNet) using a low-cost ZigBee radio network for
communication and a hybrid topology connecting both underground sensing devices and aboveground router devices.[215,216]
The SoilNet system consisted of three different components,
i.e., the coordinator for storing information and providing a
link to other networks, the router acting as a relay station data
transmission, and the soil sensors to detect and communicate
with their parent nodes (either a coordinator or a router). The
impacts of soil depth, soil water content, and soil electrical conductivity on the signal transmission strength of SoilNet were
determined by a validated model. In the case of 5 cm depth,
sufficient power remained to ensure data communication over
longer distances for most soil conditions. The factors controlling the longer travel time reduced the spatial variability of the
SoilNet. Vuran and Akyildiz also developed a wireless underground sensor network to study the propagation characteristics and effects of variations in soil moisture. They derived the
channel models to perform both theoretical and numerical
analysis to prove the feasibility of wireless communication in
the underground environment and highlighted several important aspects in this field.[217] Cardell-Oliver et al. developed a
reactive soil moisture sensor network through specific hardware and software design, being reactive to the events such as
rain falls and dry periods between rainfalls.[218] Bayrakdar performed a mathematical simulation with an insect pest detection
WSN system, which also revealed the depth variation.[219] The
signal decay with depth variation, the sensor faults, and network redundancy and tolerance were the main challenges that
needed to be addressed for an efficient WSN system in precision agriculture.[220,221]
Developments of low-power, long-duration sensor networks have typically required sufficient energy sources and
the regulations for each sensor. Most existing WSNs utilize
the rechargeable battery combined with solar energy harvesting as the energy source to achieve continuous operation
without the need to replace energy storage.[213,222,223] However,
the ability to harvest solar energy is greatly reduced in environments such as forests due to the shading and frequent dense
foliage. Moreover, the efficiency of energy transmission from
the aboveground solar energy harvesting devices to the underground sensors as well as the battery performance also pose
great risks in the continuous usage of the sensors and the reliability of the WSNs. Toba and Kitagawa developed a wireless
moisture sensor on the basis of the backscatter characteristic of
the microstrip antenna which worked in the far field without a
battery.[224] With the electromagnetic wave power supply from
a transmitter, the backscattered power at the frequencies of
0.954 and 2.45 GHz was measured as an index to soil moisture
level. Boada et al. developed a battery-less soil moisture measurement system (Figure 9b–d) based on a near field communication (NFC) device with energy harvesting capability.[225,226]
The soil moisture sensing platform used an NFC-tag to harvest
energy from nearby cell phones to power the sensor. The magnetic field generated by a smartphone is stable enough to power
up the battery-less NFC-tag for moisture measurement and
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data transmission. However, the power level of NFC can only
ensure a communication distance of ≈3 m which requires the
power source, such as smartphones, to be close enough to the
sensor, limiting its broader applications.
In comparison, thermoelectrically energy harvesting methodologies that utilize the surrounding temperature difference fit the soil WSN application much better.[227] As shown
in Figure 9e, Tsao et al. developed a self-powered mercury ion
nanosensor based on the thermoelectric effect and chemical
transformation mechanism.[228] In their design, tellurium nanowires (TeNWs, Seebeck coefficient 564 µV K−1) acted both as the
core material to generate electric output by temperature difference in the surrounding environment and as the sensing material for mercury ions. Moreover, through the specific reaction
between Hg2+ ions and TeNWs, a layer of HgTe nanocrystals
with a higher Seebeck coefficient of 1829 µV K−1 was formed
to enhance the thermoelectric efficiency of energy harvesting.
Yang et al. developed a polarized poly(vinylidene fluoride) filmbased flexible hybrid nanogenerator to harvest thermal and
mechanical energies.[229] They demonstrated a cyclic voltage/
current pulse from −2.5 V/−24 nA to 3.2 V/31 nA by changing
the temperature from 295 to 314 K. As the environmental temperature typically changing cyclically with day and night alternation, Kwan et al. developed a bidirectional operation of the
thermoelectric energy harvesting device by integrated a switch
with the thermoelectric (TE) device to successfully harvest heat
energy from both thermoelectric generator effect (TEG) and
thermoelectric cooling effect (TEC).[230] Considering that the
temperature difference between the soil underground and the
air on top of the earth also varies through time, integration of
bidirectional operational energy harvesting systems with the
soil sensor will allow us to collect data continuously over a 24 h
period per day without break.
With the collected data from sensor nodes and the prediction capability via machine learning technologies, irritation and
fertilization for soils can be implemented in a more efficient
manner that matches the needs of plant growth to maximize
crop production while reducing the waste. In addition, soil
sensor networks are also able to supply accurate information
about the soil degradation, environmental conditions, and
arable land loss in a region due to anthropological activities
and/or climate change, which are critical to decision-making of
taking necessary actions and implementing public policies.[231]
Some major challenges for widely deploying large-scale sensor
networks include the short life-time, low reliability, and difficult maintenance of soil sensors, the efficiency of wireless data
transmission, and the reliable models for plant growth based
on efficient machine learning algorithms. Future smart and
precision agriculture systems are expected to equip large-scale
self-powered sensor networks and be capable of system intelligence to predict the plant growth and optimize the management of agriculture production, achieving a sustainable and
productive agriculture system.[231–234]
4.2. Plant Wearables
Wearable devices, i.e., electronic devices that can be incorporated into clothing or worn on the body like accessories, have
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been extensively studied in biomedical applications to continually track biometric information related to health or fitness. The
concept of wearable devices has been extended to plants due to
their capability to continually track important physiological and
pathological parameters in situ, also adding the opportunity to
integrate remote communication and control. Plant wearables
possess great potential to achieve a simple, precise, and continuous monitor of plant health at large scale, when compared
to alternative methods such as IR fluorescence-based nanobionics[235] and Raman spectroscopy,[236] which require more
intensive instruments for off-site analysis. When integrated
with soil sensors that collect microclimate information, plant
wearables can correlate the effect of microclimate on the growth
of plants. This correlation has a great impact on maintaining
optimal growth settings, thereby resulting in augmented agriculture outputs with minimal agricultural inputs.
Thin-film plant wearables (TFPWs) are of great interest due
to their noninvasive and flexible features, which also integrate
compliance with irregular plant tissue surfaces. TFPWs are
suitable to monitor environmental parameters such as temperature, humidity, and biotic parameters including water potential, displacement/strain of plant tissue, and volatile organic
compounds. For example, Lee et al. developed all-carbon film
electronics (i.e., field-effect transistors (FET) sensors) using
SWCNTs-graphite that can be integrated with live plants for
real-time, wireless sensing of toxic gases with a resolution of
ppm concentration (Figure 10a–c).[237] The flexible sensors
demonstrated a superb mechanical flexibility and good adhesion to the nonplanar surfaces of biomaterials, which offers
unique potential for wearable electronics and bioimplantable sensors. Tang et al. fabricated a flexible and stretchable
sensor by directly writing chitosan-based water ink on plants
to record the response of plants to mechanical injuries as well
as the methyl parathion and nitrite variation.[238,239] Resistance variation of the printed sensors arising from the strain
change due to mechanical injury (cutting) was found to be
able to monitor plant wounding. As shown in Figure 10d, Oren
et al. proposed a flexible microscale plant tattoo sensor by patterning and transferring graphene-based nanomaterials onto
various types of tape.[209] This sensor estimated hydraulic conductivity by measuring water transportation time from root
to leaves and transpiration level of plants based on changes
in the electrical resistance of graphene in different moisture
environments. Hydraulic conductivity and transpiration level
of plants may be used as an indicator for environmental temperature and drought stress in plants. As an alternative to
the monitoring of water content in the proximity of stomata,
Koman and co-workers targeted stomata behaviors to monitor
plant responses to various abiotic stresses.[240] They developed
a stomatal electro-mechanical pore size sensor, allowing for
real-time tracking of the single stomatal opening and closing
in planta via resistance change of a circuit across a stoma composed of carbon nanotubes. Environmental conditions such as
soil water potential, incident light intensity, and diurnal cycle
could be detected via monitoring stomatal opening and closing,
corresponding to a higher and lower hydraulic resistance,
respectively. Kim et al. recently deposited conformal conjugated
polymer electrodes, p-doped poly(3,4-propylenedioxythiophene)
(PProDOT-Cl), via a vapor printing method directly onto living
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plant tissues (Figure 10e), which enabled on demand long-term
health monitoring (e.g., tissue damage caused by dehydration
and UV exposure) using a bioimpedance spectroscopy, a sensitive analytical technique capable of quantifying cellular water
content thus diagnosing many biotic and abiotic stress factors
in plants, particularly drought stress.[241] The new electrode
for plant wearable showed excellent adhesion to plant tissues
during a period of 130 days and great biocompatibility without
attenuating the natural growth pattern and self-sustenance
of the plants. An integrated plant wearable with temperature, humidity, and stretchable strain sensors was recently
proposed by Nassar et al. (Figure 10f,g). In their design, the
temperature and humidity sensors monitored the local levels
from the surface of the plant’s leaf, while the strain sensors
quantitatively monitored plant growth in terms of elongation,
correlating plant growth with the surrounding environment.
A programmed chip and an ion battery were also employed
on-site, enabling continuously monitoring, data storage, and
remote communication (Figure 10h).[210] This self-powered
integrated plant wearable showed promising potential in both
in-lab research on the interface of plant-microenvironment and
in-field long-term monitoring of the environment and plant
growth. Indeed, a 3D-printed origami-based PlantCopter design
was also implemented for large field microclimate monitoring
application.[210] Subcellular scale sensors enlightening from
plant, mainly nanosensors and nanobionics.[242,243] are not considered plant wearables and will not be discussed here.
Different from adhesive thin-film plant wearables detecting
on the surfaces of plants, microneedles have shown their
ability to reach vasculature inside the plants with minimal invasion,[244,245] thus enabling both to detect sap flow rate and to
extract sap and analyze its composition and physicochemical
properties such as pH and electric conductivity. Baek and coworkers fabricated a microneedle sap flow sensor based on the
modified Granier sap flow method to monitor water transportation in tomato plant stem,[244] which can potentially be used to
indicate changes of environmental variables, e.g., solar intensity,
humidity, and soil water content. Another metal microneedlebased plant wearable (Figure 10i) with excellent mechanical
robustness was developed,[246] capable of repeated insertion
into sorghum tissues without deformation. By measuring the
impedance of stalk, root crown, or leaf in reference to soil, the
drought conditions and the rehydrating process could be estimated. In a recent study, Jiao et al. reported a microneedle-like
integrated plant nitrate detection wearable, including an insertable silicon chip that consists of a nitrate-selective field effect
transistor, a temperature sensing unit, and a silver/silver chloride (Ag/AgCl) reference electrode (RE), a readout circuit that
collects signals, and an SD card for signal storage.[247] The plant
wearable was demonstrated to continuously detect and quantify
nitrate concentration inside the plant under different light patterns, irrigation, and fertigating management.
However, it is worth noting that there are some intrinsic
drawbacks in plant wearables discussed above. For example,
premade thin-film plant wearables may suffer from mismatching with the irregular and complex plant tissue surfaces
when adhered to plants, resulting in lower accuracy and even
dysfunction, although the premaking procedure enables fast
and large-scale fabrication. The mismatching will dramatically
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Figure 10. Plant wearables. a) Plants engineered with wireless and wired wearable sensors for chemical sensing on crop leaves. b) A Photograph and
optical microscopy image and of an SWCNTs FET sensor transferred onto the surface of a live leaf. c) Radio-frequency wireless sensing of a volatile
nerve agent simulant DMMP (dimethyl methylphosphonate) with ppm concentration resolution. d) Flexible microscale plant tattoo sensor fabricated
by pattering and transferring graphene-based nanomaterials onto flexible tapes. e) Jade plant coated with a PProDOT-Cl electrode pattern achieved
using a polyimide tape mask placed on a leaf. f) A compliant plant wearable by integrating ultralight multisensory platform that was placed right on the
leaf surface, and a packaged stretchable strain sensor that was placed along the stem and internodes of the plant. g) Digital photographs displaying the
seamless integration of the growth strain sensors on the stem of a Lucky Bamboo plant. h) Quantitative and real-time tracking of Lucky Bamboo growth
rate continuously for 2 days. i) Prototype of the microneedles as plant wearables to monitor plants experiencing drought and rehydration. a–c) Reproduced with permission.[237] Copyright 2014, American Chemical Society. d) Reproduced with permission.[209] Copyright 2017, Wiley-VCH. e) Reproduced
with permission.[241] Copyright 2019, The Authors, published by American Association for the Advancement of Science (AAAS). Reprinted/adapted from
ref. [241]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a Creative
Commons Attribution NonCommercial License 4.0 (CC BY-NC) https://creativecommons.org/licenses/by-nc/4.0/. f–h) Reproduced under the terms
of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[210] Copyright 2018, The Authors,
published by Springer Nature. i) Reproduced with permission.[246] Copyright 2018, The Author, Sandia National Laboratories.
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worsen due to remarkable plant tissue size enlargement during
growth. This challenge severely hinders long-term monitoring,
especially for those fast-growing plants (e.g., most crops and
vegetables). One straightforward solution is to develop more
flexible plant wearables (e.g., hydrogels), capable of larger deformation and well adhesion to irregular surfaces. Direct fabrication of such wearables on living plant tissues could potentially
overcome this mismatching challenge since device components
can be deposited along the irregular surfaces,[235,236] but arises
the labor-intensive on-site fabrication procedure under complex
environments, particularly in field. This strategy significantly
limits the available fabrication conditions because the plants
have to survive through the fabrication procedure without
harsh conditions. For instance, the vapor temperature must
be controlled when deposited on plant tissues in the vapor
printing method,[236] which arises additional requirements to
minimize potential damage to plant tissues during fabrication.
Thus, printing/writing/deposition of materials on plant tissues under mild conditions is highly desired. Nontoxicity and
controlled degradability are favorable properties of wearables
especially when used on fruits, vegetables, and crops. Portable devices for direct printing/writing/deposition should be
developed for such a strategy, facilitating large-scale in-field
operation. Cellular scale plant wearables[235] detecting localized
signals may miss distal signals or signals through other pathways. They also require expertise of microscale fabrication on
living tissues.
Microneedle-based plant wearables do not suffer from aforementioned mismatching issue unless they have a microneedle
array. The invasive detecting may cause damage to plant,
depending on microneedle size as well as the plant size. The
detection, particularly long-term detection, may also be blocked
by the healing process of plants via isolation of the inserted
sensor from sap flow. Thus, wounding responses such as formation of callus should be mitigated or minimized by using
biocompatible materials (e.g., pectin, cellulose, hemicellulose,
lignin, etc.), decreasing dimensions of the microneedles, and
other potential tricks (e.g., biodegradable microneedles loaded
with payloads suppressing local wounding responses or accelerate cell healing). In addition, the consistency of performance
of all kinds of plant wearables should be investigated in constantly changing weather in-field, such as raining, windy, and
even sunny weather, instead of under only neat and well-controlled in-lab conditions. Exposure to rain or sunlight and plant
motion due to wind may affect the adhesion of plant wearables
and their matching with plants, cause dysfunction, shorten the
working life of plant wearables, and produce significant noise
signals.
In summary, plant wearables provide a powerful and convenient way to track biometric information in situ related to
plant growth and health. Continual tracking and remote communication are enabled if storage units and power sources
are integrated. Further integration of such plant wearables
with sensors detecting environmental conditions such as temperature, light intensity, and relative humidity may provide a
powerful tool to investigate the interface of plant-microenvironment, to maintain optimal environments for plant growth,
and to boost crop yield with minimal agricultural inputs.
There are also certain drawbacks in reported plant wearables

Adv. Mater. 2021, 2007764

and challenges in their wide applications in agriculture. Special efforts will be needed to overcome the drawbacks discussed
above via interdisciplinary combination of materials properties
(e.g., strength, compliance, adhesion, biocompatibility, and degradability), fabrication methods (e.g., low cost, large scale, and
mild conditions), and particularly morphology and physiology
of plants (e.g., signaling in growth and responses to biotic and
abiotic stresses, wounding, etc.).

5. Soil Sensors Market
Soil sensors allow constant monitoring of physical and chemical signals in the soil, optimizing crop growth, efficiency of
yield and productivity. There is a high demand for the use and
development of soil sensors in digital farming, and the market
is expected to grow considerably in the next few years.[248] Soil
moisture sensors are the most available type of soil sensors
on the market and as such they represent a good example to evaluate the economic and environmental impact of soil sensors.
The global market for soil moisture sensors is estimated
at US$147.5 million in 2020 and is projected to reach
US$360.9 million by 2027.[249] The major drivers for the development of soil sensors are the growing population and need for
increased food production, increasingly visible environmental
impact of agriculture and changes in climate patterns, need
for efficient agricultural practices and water conservation in
irrigation systems, and government regulations and initiatives
favoring market growth.[250] Agriculture is the major user of
soil moisture sensors, followed by management of residential
areas and sport turfs. As the growing trend toward continuous
monitoring of crop health and automation, demand for wireless
sensor networks in precision farming is expected to increase in
the future. However, the challenges posed by diversity and complexity of agricultural decision making, as well as the immature
reality of the sensor development and implementation, hold on
the high investment cost threshold that impedes the progress
of smart/precision agriculture systems. One of the most urgent
challenges remains in sensor development enabling noninvasive, low cost, reliable sensors that can be widely distributed
to provide real-time soil quality and plant growth monitoring.
Along with the sensor development, electronics interfaces that
are required to implement the sensors with strict specification
requirements, communication of sensor nodes while build up
a network with the capability to collect big data at large distances, and system intelligence enable data analysis through
machine learning for increasing agricultural productivity and
optimized natural resources usage remain under development
in laboratory. Enhanced cooperation between research laboratories and the industry to implement the novel sensing technologies with the target to solve the challenges mentioned above
will be the key step toward the ultimate goal of smart/precision
agriculture.

6. Outlook and Conclusion
We have systematically revisited the major advances in soil
sensors as well as their applications in smart and precision
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agriculture. We highlighted the six major categories of soil
sensors: moisture sensors, temperature sensors, pH sensors,
nutrient sensors, pest sensors, and pollutant sensors. Plant
wearables that detect the growth and health conditions of
crops were also briefly discussed. The working mechanisms,
designs, and performances of these sensors were provided,
and the pros and cons of each kind of sensor were discussed.
Finally, wireless sensor networks and self-power technologies
for deployment of smart/intelligent agriculture systems were
reviewed. Through the comprehensive review, we believe that
the main focuses for future soil sensing will rely on these four
aspects: 1) to improve the sensing performance (e.g., sensitivity and specificity) and reliability for key soil parameters,
with little interference from background noise; 2) to develop
a sufficient low-power consumption WSN with powerful data
processing and long-range wireless communication capability; 3) to develop versatile soil sensing platforms that can
be distributed in large-scale to collect real-time soil microenvironment data continuously; 4) to develop self-powered or
power-independent sensors and sensing platforms that are
low-cost, reliable, and maintenance free. Energy harvesting
functions may become an essential element for the large-scale
deployment of the smart agriculture systems for long-term service. Additionally, versatile plant wearables will be useful tools
for precision agriculture development. The functionality, lowcost, compact size, and eco-friendly manufacturing of soil sensors and plant wearables are expected to become major driving
forces in advancing sensing systems for smart and precision
agriculture. This review provides the key knowledge and better
understanding for the new developments of soil sensors in
smart and precision agriculture and also sheds light on the
research challenges and trends for future study of intelligent
agriculture systems.
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