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A B S T R A C T

In this study, a novel microwave sensing system, consisting of a microstrip self-resonant spiral coil inductively
coupled to an external concentric planar probe loop, is presented and applied to the non-destructive detection of
morpho-physiological plant responses to water stress. The optimised set-up of the proposed sensor ensures a
highly sensitive spiral coil, which is a fundamental requirement to derive accurate information on plants’
behavioural alterations related to water stress conditions. The proposed microwave sensor was tested it on two
potted maize cultivars (Zea mays L.), namely “Cinquantino Bianchi” (CB) and “Scagliolo Frassine” (SF). For each
cultivar, half of the samples were maintained at 100% (T100) field capacity while the other half was at 25%
(T25) from 46 to 74 Days After Sowing (DAS). The frequency (fr) shift and the amplitude peaks variation of the
real component of the external planar probe input impedance (ℜ(Zinput)) were obtained daily by positioning the
sensor on the stem. These measured data were related to morpho-physiological parameters destructively ac-
quired at four different growth stages. The resulting linear correlation between the stem’s freshwater content
(FWCstem) with both fr (r > − 0.64) and the amplitude peaks (ℜ (Zinput)) (r > -0.70) provided evidence of the
sensor’s ability to identify stem dielectric properties’ variations between the two water treatments. Concurrently,
the sensor response demonstrated the capability to identify changes in the morphology and histology of the stem.
Based on preliminary findings, the proposed sensor shows potential for employment in the real-time monitoring
of plant water status, contributing to more economically and environmentally sustainable crop management
practices. While the current correlations between plant water content and sensor measurements require further
refinement to meet the rigorous industrial standards, nevertheless a large-scale adoption can be envisioned by
leveraging IoT methodologies.

Nomenclature

AVG TR Average transpiration rate [g]
C Capacitance [F]
Dx Diameter of the x-th part of the stem [m]
DAGB Dry Above-Ground Biomass [g]
DBGB Dry Above-Ground Biomass [g]
DAS Day After Sowing
DWCx x dry base water content [%]

(continued on next column)

(continued )

EM Electromagnetic
EPE foam Expanded Polyethylene
fr Resonant frequency [Hz]
FAGB Fresh Above-Ground Biomass [g]
FBGB Fresh Below-Ground Biomass [g]
FDR x fresh base water content [%]
FTIR-ATR Attenuated total reflectance Fourier transform mid-infrared
FWCx 100% Field Capacity
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(continued )

H-field Reactive Magnetic Field [A m− 1]
H2Ox x water content [g]
IE Interdigitated-Electrodes
L Inductance [H]
LWS Leaf Wetness Sensors
M Inductive Mutual Coupling [H]
PA Precision Agriculture
PCA Principal Component Analysis
PCB Printed Circuit Board
PDMC Percentage Dry Matter Content [%]
PVC Polyvinyl Chloride
Qfactor Quality Factor [N/A]
R Resistance [Ω]
RFID Radio Frequency Identification
SH Stem Height [m]
SMA Sub Miniature version A
SV Stem volume [cm3]
T100 100% Field Capacity
T25 25% Field Capacity
TDR Time Domain Reflectometry
tanδ Dielectric Loss Tangent [N/A]
UAV Unmanned Aerial Vehicle
VNA Vector Network Analyzer
Zinput Input Impedance [Ω]
Zprobe Stand-alone probe loop impedance [Ω]
Ɛ Dielectric Permittivity
Ɛ0 Vacuum Dielectric Permittivity [F m− 1]
ω Angular Frequency [Rad s− 1]
Ψmin Minimum leaf water potential [bar]
ρstem Stem density [g cm− 3]
σ Conductivity [S m− 1]
ℜ (Zinput) Maximum of the real part of the input impedance [Ω]

1. Introduction

The Intergovernmental Panel on Climate Change (2023) forecasts
more frequent and severe extreme weather events, exacerbating water
scarcity and threatening global food security through diminished crop
yields (Kulundžić et al., 2021; Pawlak and Kołodziejczak, 2020). This
context underscores the urgent need for innovative agricultural tech-
nologies aimed at enhancing water resource management and crop
productivity. Precision agriculture (PA) emerges as a pivotal approach
in this regard, offering strategies to optimise yields with minimal inputs
by leveraging advanced technologies for real-time monitoring and
management of crop health and nutrition (Palazzi, Bonafoni, et al.,
2019a). As such, PA techniques, including remote sensing and on-field
technologies, are at the forefront of research to ensure food security
against the backdrop of climate change.

Satellite- and unmanned aerial vehicle (UAV)-based remote sensing
is beneficial for collecting high-resolution information over large crop
stand areas by multiple sensors, such as visible, multi-, hyper-spectral
and thermal cameras (Brocca et al., 2018; Mulla, 2013; Zhang et al.,
2020). However, remote sensing is largely dependent on cloud cover and
weather conditions which often limits its operability and temporal res-
olution, hindering continuous monitoring, which is essential for effec-
tive crop and water resource management. Moreover, most optical
imaging techniques do not allow detection of crop nutritional de-
ficiencies before visual symptoms become noticeable, i.e. when damages
have already happened, as their spatial resolution and/or the spectral
information are often not suitable for this purpose (Palazzi, Bonafoni,
et al., 2019a).

Conversely, sensors installed in-field have the potential to be a smart
farming solution for indirectly and/or directly assessing the crop status
due to their decreasing cost per unit and the ability to continuously
collect real-time data regardless of environmental perturbations. At
present, several tools are available for monitoring plant responses to
external stimuli (e.g., water shortage) at a fine spatial-temporal scale,
including soil and in-vivo sensors. Soil electromagnetic (EM) sensors
operate on the assumption that the EM wave propagation in bulk soil is

principally governed by liquid water, which possesses a significantly
larger dielectric permittivity (Ɛr) than the other components (gaseous
air and solid soil minerals). A range of techniques, including time
domain reflectometry (TDR), frequency domain reflectometry (FDR),
and radio frequency identification (RFID), have been developed to re-
cord signals especially for indirectly defining water shortages in crop
plants (Adelakun and Sri Ranjan, 2013; Majcher et al., 2020; Woszczyk
et al., 2019). Nevertheless, the cost and requirements for waveforms
analysis could limit the widespread application of TDR in appropriately
scheduling the irrigation. At the same time, FDR also requires careful
installation to avoid air gaps between the sensor and the soil and is
generally limited to use in non-saline soils (Hardie, 2020). To overcome
these problems, two macro groups of RFID sensors were developed:
chip-provided (Boada et al., 2018; Cappelli et al., 2021; da Fonseca
et al., 2017; Daskalakis et al., 2016; Deng et al., 2020; Pichorim et al.,
2018; Wang et al., 2020) and chipless versions (Chan et al., 2022; Costa
et al., 2019; Gopalakrishnan et al., 2021, 2022; Martuza et al., 2018;
Salmerón et al., 2018). Most chip-provided RFID equipment are char-
acterised by an unacceptable high cost of manufacturing and assembly,
due to the presence of electronics. Furthermore, harmful chemicals
could leak from integrated circuits, polluting the soil and water and
jeopardising the regular growth cycle of cultivated plants. On the other
hand, the lack of batteries and electronic circuits in chipless RFID allows
an advantageous reduction of the overall cost of the technology and
achieves a theoretically unlimited lifespan, resulting in a sensor that is
suitable for safe use in different environmental conditions (Costa et al.,
2021; Gopalakrishnan et al., 2022). Despite their proven potential for
application in agricultural water management, soil sensors only offer an
indirect overview of the plant status. They cannot provide quantitative
insights into the complex metabolic responses of plants to drought at a
single-organ level, which is desired for setting-up irrigation that re-
sponds to the real plant needs.

In-vivo sensors which can be applied directly to plant tissues or or-
gans are powerful alternatives for determining the actual plant water
status with high accuracy. In the literature, different studies have
investigated plant water stress using leaf sensors (Dadshani et al., 2015;
Daskalakis et al., 2018; Dey et al., 2020; Hornero et al., 2017; Palazzari
et al., 2015; Palazzi, Bonafoni, et al., 2019a; Yan et al., 2020).
Furthermore, these sensors have been employed to monitor the tem-
perature disparity between the leaf and the surrounding air (Daskalakis
et al., 2018; Palazzari et al., 2015; Palazzi, Bonafoni, et al., 2019b). This
difference is strictly related to the plant water stress, and it can be used
as a decision parameter in a local irrigation system. Nevertheless, the
employment of an electrical circuit for the power supply and trans-
mission of sensor data is the primary drawback of these applications, as
in the case of chip-provided devices. This results in an increase in the
sensor price, the impossibility of outdoor usage, and a shorter lifespan.
The aforementioned leaf sensors exhibit distinct characteristics in
comparison to leaf wetness sensors (LWS). Indeed, these sensors are able
to detect leaf wetness and turgidity (moisture level), which can be
attributed to various factors, including the presence of dew, fog, rain,
and irrigation. Currently, various solutions can be found on the market
(AgriHouse Inc. (2017); Decagon Devices Inc (2016)) but the high price
makes their practical application challenging for farmers.

An additional category of in vivo sensors includes stem sensors,
physically inserted into the plant tissue. These sensors have been tested
in monitoring the water flow dynamics of olive trees (Comparini et al.,
2020), tomato (Janni et al., 2019) and tobacco plants (Garlando et al.,
2022). In particular, these manuscripts show a multi-electrode approach
to measuring the stem electrical resistance in plants subjected to
different water stress treatments. Physiological parameters and elec-
trical activity have been correlated, highlighting the possibility of
differentiating the electric signals related to drought conditions of
different intensity. However, inserting electrodes into a plant can be
invasive and may damage the plant tissues, potentially leading to tissue
death or infection. Plants may allocate resources and energy towards
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repairing or defending against this perceived threat, altering their
physiological functions in the process. This can not only affect the
plant’s health but also introduce inaccuracies in the measurements and
in data interpretation. Lastly, a non-invasive approach for quantifying
stem water content and tracking its variation over time is reported in
Cheng et al. (2021) using a frequency-domain dielectric sensor with an
interdigitated-electrodes (IE) probe to detect change in the dielectric
properties of the stems. These variations are subsequently transformed
into a voltage output (mV) which serves as an indicator of the stem
water content. However, this sensor necessitates a wired connection to a
data acquisition system or to a measurement instrument in order to
analyse the output voltage. This may introduce additional dependencies
and requirements for data collection.

To overcome these limits, it becomes imperative to develop non-
invasive, passive, and cost-effective sensors for monitoring the water
status of individual plant organs. When strategically positioned on
various plant organs, these sensors would offer the capability to
continually track plant water status over extended periods without
causing any harm or disruption. Their non-destructive nature may allow
also for the unobtrusive observation of small deviations related to water
stress, well before any visible symptoms manifest. Consequently, the
implementation of such an early warning system holds the potential to
inform agricultural practices proactively. This includes optimising irri-
gation schedules or making informed choices regarding drought-
resistant crop varieties, thus underscoring the invaluable contribution
of these sensors in advancing PA.

Following these observations, the present work aims to implement a
non-invasive wireless, low-cost, passive and chipless microwave sensor
based on an optimised self-resonant spiral for the real-time evaluation of
the actual plant water status. The novel sensor was directly applied on
the stem of twomaize cultivars (Zea mays L.) with different development
habits subjected to various irrigation treatments (100% and 25% of field
capacity) and the acquired electromagnetic signal patterns were corre-
lated with morpho-physiological, anatomical, and histochemical
changes associated with early water stress responses.

2. Materials and methods

2.1. Sensor design

The proposed radiating system, operating at 600 MHz when posi-
tioned in open space, consists of a self-resonant microstrip planar spiral
coil inductively coupled to a concentric and non-resonant actively fed
RF probe loop (Fig. 1a). The inner spiral resonator is responsible for the
overall sensing performance, whereas the external single probe loop

(Fig. 1b) has the role to both feed the inner spiral sensor and to collect
the resulting signal variation. The chosen operating frequency ensures
high penetration depth as well as a high degree of downsizing, while
preserving an acceptable level of sensitivity. With the aim of accom-
plishing these desired targets, the spiral sensor geometric characteristics
were established by following a Q-factor maximisation procedure (Brizi
et al., 2019). The Q-factor can be defined with the following equation:

Qfactor =
ωLSS

RSS

⃒
⃒
⃒
⃒

ω=ωself − resonance

(1)

where LSS and RSS are respectively the inductance and the resistance of
the spiral sensor (SS) at the operative frequency (i.e., 600 MHz).

As reported in the literature (Costa et al., 2019), RSS and LSS strongly
depend on the geometric parameters of the sensor. Therefore, the spiral
sensor output diameter (2 × R) was fixed at 18 mm according to the
standard stem diameter of maize plants under different irrigation re-
gimes (Sabiel et al., 2014). Subsequently, the inner radius (r), number of
turns (N), metal line width (w), spacing between windings (s), and the
conductor thickness were all determined to maximise the Q-factor
parameter (Table 1).

In order to best feed the inner spiral sensor, the actively fed RF probe
loop was designed as a single loop with an external diameter

(
dprobe

)
of

22 mm, a metal line width (wprobe
)
of 0.5 mm and a self-resonance fre-

quency of approximately 1.67 GHz. The high self-resonance frequency
guarantees that the probe loop behaves as a pure inductor at the oper-
ative frequency. Both the spiral sensor and the probe loop have been
fabricated by exploiting Printed Circuit Board (PCB) technology. In
order to better adapt the spiral sensor to curved surfaces (e.g., plant
stem), a high structural flexibility was guaranteed by adopting a 0.1 mm
thick FR4 dielectric substrate (Ɛr = 4.3 and tanδ = 0.025) for the spiral
resonator (Fig. 1c) and a standard (and rigid) 0.8 mm thick FR4 slab for
the probe loop (Fig. 1d). Finally, a 50 Ω SubMiniature version A (SMA)
connector was soldered to the probe loop in order to connect it to a

Fig. 1. (A) 3D CAD model of the described sensing system. The inner spiral sensor is inductively coupled with an external, unloaded probe loop; (b) probe loop CAD
structure; (c) fabricated PCB spiral resonator, and (d) fabricated PCB probe loop.

Table 1
Spiral sensor geometrical design characteristics.

Parameters Value

Conductor thickness 0.35 μm
Inner radius 0.6 mm
Metal line width 0.6 mm
Number of turns 6
Output radius 9 mm
Q factor 391
Spacing between windings 1.4 mm

V. Lazzoni et al. Biosystems Engineering 246 (2024) 191–203 

193 



Vector Network Analyzer (VNA).

2.2. Sensor operation and sensitivity

The idea behind the proposed system is to create a sensor extremely
sensitive to changes in the plant tissues’ electromagnetic properties in
response to environmental challenges, including water stress. The inner
spiral sensor is physically attached to the target sample and inductively
coupled to the external probe loop (Fig. 2a). By reading the probe loop
input impedance Zinput, it is possible to derive tissue status information
from the spiral sensor’s behaviour. In particular, hydric stress detection
is based on the variation of the probe loop input impedance (Zinput

)

which is determined by changes in the spiral sensor lumped parameters
(RSS, LSS and CSS) consequent to the tissues’ dielectric properties varia-
tion due to water stress. According to Brizi et al. (2019), the equivalent
circuit of the described configuration is depicted in Fig. 2b and the probe
loop input impedance Zinput can be expressed in the following form:

Zinput = Rprobe + jωLprobe +
ω2M2

RSS + jωLSS +
1

jωCSS

(2)

where Rprobe and Lprobe represent, respectively, the external probe loop
resistance and inductance; RSS, LSS and CSS indicate the spiral sensor
resistance, inductance, and capacitance while M denotes the inductive
mutual coupling term between probe loop and spiral sensor.

As reported in previous studies (Eroglu et al., 2019; Sharma et al.,
2020), the plant stems dielectric properties vary during the growth stage
and depends on the health status of the plant. Therefore, a water stress
condition leads to a volumetric water content decrease, which is
responsible for lower dielectric permittivity and conductivity values. In
more detail, considering a biological tissue, the dielectric permittivity
can be expressed as a complex value:

Ɛ = Ɛʹ
+ jƐʹ́

, (3)

where the real term (Ɛʹ
) represents the tissue relative dielectric constant

and the imaginary term (Ɛʹ́
) represents the tissue losses. The imaginary

term is strictly linked to the electrical conductivity σ (S m− 1):

σ = ωƐ0Ɛʹ́
, (4)

where Ɛ0 = 8.85* 10− 12
(
F m− 1) is the vacuum dielectric permittivity

and ω (rad s− 1) is the considered pulsation.
To describe the performance of the spiral sensor as a function of the

dielectric characteristics of the examined tissue, an analytical model is
developed. To replicate a realistic scenario in which the sensor is
attached to the plant stem, it is possible to adopt a simplified model in
which the space beneath the spiral sensor consists of biological tissue
while, on the opposite side, only air is present (Fig. 2a). Therefore, the
equivalent permittivity experienced by the sensor can be approximated
by the average value of the complex dielectric permittivity of the tissue,
related to the water stress condition, and the permittivity of air (Eq. (5)):

Ɛeff =
Ɛtissue + Ɛair

2
. (5)

This permittivity value ( Ɛeff ) will affect the capacitive behaviour of
the spiral sensor by directly multiplying the capacitance value CSS (Eq.
(6)).

Ceff = ƐeffCSS. (6)

By replacing Eq. (6) in (2), the probe loop input impedance Zeff
input is

obtained (Eq. (7)):

Zeff
input = Rprobe + jωLprobe +

ω2M2

Reff + jωLSS +
1

jωCeff

, (7)

where Reff and Ceff can be described as reported in Eq. (8).
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Reff = RSS +
εʹ́
eff

ωCSS

(
εʹ́
eff

2
+ έeff

2
)

Ceff = CSS

(
εʹ́
eff

2
+ έeff

2
)

έeff

. (8)

As can be inferred from Eq. (8), the tissue dielectric properties in-
fluence the system performance. In particular, when the effective
resistance Reff changes under different stem dielectric properties, then a
corresponding increment or reduction of the amplitude peaks of the
input impedance real component occurs. Conversely, an effect on the
equivalent capacitance Ceff is related to a change in the resonant fre-
quency (that is visible in a frequency shift of the impedance peak of the
probe loop input impedance).

To validate the system effectiveness in monitoring the plant health

Fig. 2. (A) Pictorial representation of the proposed sensing system set-up; (b) corresponding equivalent circuit: the non-resonant probe loop (left side) is mutually
coupled with the inner spiral sensor (right side); (c) numerical CAD model: the single probe loop is actively feeding the spiral sensor positioned on the maize
stem tissue.
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status, a numerical set-up was conceived by using the electromagnetic
full-wave software CST Studio Suite-Simulia® (Dassault Systèmes®,
Vélizy-Villacoublay, France) based on the Finite Element Method.
Firstly, the input impedance of the stand-alone probe loop was evaluated
to investigate if its self-resonance frequency, after the introduction of the
50-Ω connector soldering, are out of the operating frequency range
(100–700 MHz). To simulate the soldering effect, a parasitic capacitance
(Cparasitic = 1.31 pF

)
has been introduced in parallel to the feeding port.

Secondly, a reasonable estimate of the maize stalk material permit-
tivity is needed before numerical simulations can be performed. A study
by Ulaby and El-rayes (1987) found that maize stalk permittivity ranges
from 2 to 40 within the frequency range from 1.5 to 8 GHz. As expected,
the permittivity increases with higher water content. Similar results
were found by another study (Sharma et al., 2020) that measured the
stalk maize section’s permittivity as between 10 and 40 at 1.25 GHz.
Based on these studies and knowing that the permittivity is higher at
lower frequencies, to model a healthy maize stalk it was decided to use
permittivity (Ɛʹ

) and conductivity (σ) values respectively of 60 and 1.5
(Sm− 1) at the selected operating frequency range. To simulate a maize
stalk, a cylinder was realised and placed into contact with the sensor
(Fig. 2c). The cylinder dimensions have been selected as r = 10 mm and
h = 60 mm in order to be comparable with the sensor sensing pene-
tration depth.

By progressively decreasing maize tissue dielectric properties from
Ɛʹ

= 60 and σ = 1.5 (Sm− 1) (water stress status 1) to Ɛʹ
= 10 and σ = 0.1

(Sm− 1) (water stress status 7), different water stress states were simu-
lated. The dielectric properties, used in each numerical simulation, are
reported in Table 2. To monitor the health condition, the resonant fre-
quency shift and the peak amplitude of the input impedance real part
were evaluated. In the following section, the accuracy of the results will
be discussed.

2.3. Plant material and experimental design

The microwave sensing experiments were conducted on a mono-
cotyledonous crop species (Zea mays L.). Indeed, monocots typically lack
secondary tissue growth from the vascular cambium, which ensures that
the sensor response reaches the composition of the primary structure (i.
e., rind, pith and vascular bundles). Two maize cultivars, namely “Cin-
quantino Bianchi” (CB) and “Scagliolo Frassine” (SF), were used in this
study (54 plants in total, 27 for each cultivar). These cultivars were
selected based on dissimilarities in their development and yield poten-
tial resulting from previous field trials, which ultimately translate into
different input requirements and adaptation to environmental chal-
lenges. Particularly, CB is a very-early cultivar (~52 days from planting
to emerging silks) characterised by less vigorous and productive plants
compared to the slow-growing (~71 days from planting to complete silk
emergence), lush and high-yielding accessions of SF (USDA Agricultural
Research Service U.S.D.O.A., 2015).

In this study, plants were sown in 54 2-L polyvinyl chloride (PVC)
pots (180 mm diameter and 140 mm height) filled with a 70:30 mixture
of sand and peat moss (~835 g) and 1 g pot− 1 of NPK Original Gold®
slow-release nitrogen fertiliser (NPK 15-9-15; Compo GmbH® Münster,
Germany). In order to avoid substrate and water losses, each pot was

coated on the bottom with two breathable anti-leaching layers of tulle
(~1.5 g) interspersed with water-absorbing expanded clay (~180 g).
Seedlings were maintained for 28 days in a heated glasshouse under
day/night temperature≥15 ◦C and irrigated to soil saturation every two
days. At 29 Days After Sowing (DAS) and for 45 days, plants were
transferred to a cold glasshouse completely exposed to solar radiation
and equipped with openable vents on the roof and walls for appropriate
heating, humidity and air circulation. In this context, climatic conditions
(i.e., relative humidity, air temperature and dew point) were automat-
ically recorded and logged every 30 min using a Datalogger HOBO® Pro
v2 (Onset Computer Corporation®, Bourne, MA, USA) weather station
placed ~ 2 m above the canopies (Table S1). Plants were fully irrigated
every other day and treated with 1 g pot− 1 of Greenleaf® nutrient so-
lution (NPK 20-20-20; Biolchim®, Bologna, Italy) every 15 days until 46
DAS. Subsequently, each pot was sealed at the top in order to prevent
evaporation from the soil surface, following Ferreira et al. (2015). In
particular, the plant stem (diameter ≥10 mm) was enveloped with an
expanded polyethylene (EPE foam) cylinder (75 mm diameter, 30 mm
thickness and 3.50 × 10− 5 g mm− 3 density) at the substrate level, while
a polyethylene film was adhered both to the pot and the EPE foam using
one openable and one fixed PVC cable ties, respectively (Fig. S1). The
weight of each sealed sample at field capacity (FCW) was measured after
a full irrigation by allowing excess water to drain for 5 h.

At 46 DAS, two water treatments were imposed on the 54 maize
plants by maintaining the 100% (T100; 15 plants x cultivar) and 25%
(T25; 12 plants x cultivar) of the FCW (Table 3). The treatments were
modulated for 28 consecutive days by using a 50 ml syringe body with 1
ml markings after weighing (PWDAS) the individual pots every morning
from 7:00 a.m. to 8:30 a.m.

2.4. Data collection and processing

2.4.1. Microwave Sensing Experimental Setup
At 46 DAS, corresponding to plants with a stem diameter ≥10 mm,

one spiral sensor was fixed just above the second internode of each of the
54 maize samples (Fig. 3a). The dielectric properties of a maize stem are
usually maximised between the 2nd and 3nd internodes (excluding the
lower stem section which in this experimentation could be affected by
the pot seal), according to Sharma et al. (2020). The sensing measure-
ments were performed from 46 to 74 DAS (Table S2) by connecting the
probe loop to a calibrated N9918A 26.5 GHz FieldFox Vector Network
Analyzer (Keysight Technologies®, Santa Rosa, CA, USA). Initially, the
input impedance of the stand-alone probe was measured to test the
efficient functioning of the probe loop, namely the effect of the ohmic
losses incurred by the presence of the connector and the parasitic
capacitance introduced by its soldering. Subsequently, the input
impedance (Zinput

)
was acquired by positioning the probe loop close to

each sensor applied on plants under both T100 and T25 treatments
(Fig. 3b). The real and imaginary parts of the probe loop input imped-
ance were recorded with 1001 frequency points on a linear scale over
the frequency range 100–900 MHz. For each plant, three measures were
averaged to avoid unreliable results and undesired oscillations.

Both the maximum of the real part (ℜ (Zinput)) and the resonance
frequency fr shift of the probe loop input impedance were evaluated

Table 2
Water stress status from 1 (no stress) to 7 (stress) simulated dielectric properties.

Water stress status Ɛʹ σ
(
Sm− 1)

1 60 1.5
2 50 1
3 40 0.8
4 30 0.6
5 20 0.4
6 15 0.2
7 10 0.1

Table 3
Average weight (± standard error) in grams (g) of “Cinquantino Bianchi” (CB)
and “Scagliolo Frassine” (SF) maize samples maintained at 100% (T100) and
25% of FCW (T25; 15 and 12 samples per T100 and T25 treatments x cultivar,
respectively) starting from 46 Days After Sowing (DAS).

Cultivar DAS N◦ Samples Average treatment weight (g)

T100FCW T25FCW

CB 46 27 1618.27 ± 20.29 1668.58 ± 16.96
SF 46 27 1625.33 ± 11.34 1643.58 ± 13.52
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daily to detect the different trend over time between the two treatments
for each cultivar.

2.4.2. Morpho-physiological measurements
Just after the microwave system measurements, the height (SH) and

basal (D1), half-plant (D2) and apical diameters (D3) of each stem were
measured three times a week (between 46 and 74 DAS; Table S2) using a
digital calliper (±1.0 mm accuracy) and combined in Eq. (9) for deriving
the relevant stem volume (SV).

SV=

{[

π+
(
D1

2

)2(SH
3

)]

+

[

π+
(
D2

2

)2(SH
3

)]

+

[

π+
(
D3

2

)2(SH
3

)]}

(9)

where the SV is approximated by summing up the volume of three

superimposed cylinders of equal height
(

SH
3

)

and variable radius
(

Dn
2

)

.

Subsequently, the minimum leaf water potential (Ψmin) was collected
on three randomly selected plants for each cultivar (CB and SF) and
treatment (T100 and T25) between 12:00 p.m. and 14:00 p.m.
(Table S2). The first leaf just above the sensor was cut at the base and for
a couple of centimetres along the central vein with a cutter in order to
insert it into the pressure chamber lid (PMS Instruments Co.®, Corvallis,
OR, USA).

The fresh weight (FW) of individual sectioned organs (i.e., stem,
leaves, inflorescences and ears) were then obtained using a precision
balance (1000/0.001 g accuracy; Radwag®, Radom, Poland) and sum-
med to derive the fresh above-ground biomass (FAGB). Meanwhile, root
material was collected by washing off the soil and the fresh below-
ground biomass (FBGB) was retrieved. The dry weight (DW) of stem,
leaves, inflorescences, ears, above- (DAGB) and below-ground biomass
(DBGB) was determined after oven drying the samples for 72 h at 70 ◦C.
Then, the fresh (FWC; Eq. (10)) and dry base water content (DWC; Eq.
(11)) were calculated for each accession, according to Zheng et al.
(2015). Finally, the DWx

FWx
ratio was computed to retrieve the Percentage

DryMatter Content (PDMC; Eq. (12)) on the single organ basis, while the
stem density (ρstem) was measured by relating its dry weight and volume
(Eq. (13)).

FWCx =

[
H2Ox

FWx

]

100, (10)

DWCx =

[
H2Ox

DWx

]

100, (11)

PDMCx =

[
DWx

FWx

]

100, (12)

ρstem =

[
DWstem

SV

]

, (13)

where x represents the analysed variable (i.e., stem, leaves, tassels, cobs,
AGB or BGB) and H2Ox = (FWx − DWx) denotes the x water content.

2.4.3. Anatomical and histochemical analysis
The part of the stem, with the sensor attached, was cut and preserved

in ethyl alcohol, then frozen and cut with a microtome. The frozen
sections were quickly transferred to a slide, stained for 5 s with safranin/
Astra blue double staining, then washed with distilled water, dehydrated
(50, 75 and 95 % ethanol) and examined with a light microscope (Nikon
Eclipse 90i; Nikon, Tokio, Japan). The solution for dual safranin/Astra
blue staining was prepared with 0.5 g of Astra blue powder in 100 ml of
distilled water and 4 ml of acetic acid was added to the 1% aqueous
safranin solution with the proportion 2:3. Staining with safranin/Astra
blue allows recognition of lignification processes. Cell walls richer in
lignin appear red, while those richer in cellulose are stained blue.

2.4.4. FTIR-ATR spectroscopy analysis
Attenuated total reflectance Fourier transform mid-infrared (ATR-

FTIR) spectroscopy was performed on the external stem of three plants
from each cultivar (CB and SF) at 46 DAS while maintaining 100% of the
FCW (Field Capacity Water). Additionally, a single plant from each
cultivar was analysed at 74 DAS under the two water treatments (100%
FCW and 25% FCW). ATR-FTIR spectra were recorded using an Alpha
FT-IR spectrometer (Bruker, Ettlingen, Germany). Each sample was
scanned 40 times, with a resolution of 4 cm− 1, and the scanning range
was set between 400 and 4000 cm− 1. The spectra were acquired directly
from small samples of the external stem, without any specific pre-
treatment, while still under waterlogged conditions. Water spectra
were subtracted from the stem samples using specific software routines,
and subsequent evaluations were carried out in the 700–1800 cm− 1

range of the subtracted spectra. Three replicated spectra were collected
for every sample pressed on the ATR crystal. The acquired spectra were
processed using OPUS 6.5 software by Bruker Optics.

2.4.5. Statistical analysis
Principal component analysis (PCA) was used to identify the

morpho-physiological variables that most influence the sensor response.
Moreover, the sensor performance was evaluated with Pearson’s cor-
relation coefficient (r) between the sensors’ response and each of the
analysed morpho-physiological variables. Finally, a t-test was used to
examine the Percentage DryMatter Content (PDMC), the variation of the
maximum of the real part of the input impedance (max(ℜ (Zinput))) and
the sensor’s self-resonance frequency shift (fr) between the two different
water treatments. A p-value ≤ 0.05 was considered significant. Linear
regressions were also generated for each cultivar and treatment to pre-
dict the maximum of the real part of the input impedance (max(ℜ
(Zinput)) from FWCstem.

3. Results

3.1. Numerical-based sensor’s response

Firstly, the input impedance of the stand-alone probe loop
(
Zprobe

)

was evaluated in the operative frequency range between 100 and 550
MHz (Fig. 4a). To take into account the parasitic capacitance resulting
from the soldering process of the SMA connector to the driver, a
capacitor C = 1.31 pF was inserted in parallel to the feeding port. Thus,
the probe loop self-resonance frequency becomes 464 MHz instead of
1.67 GHz (which is the value of the ideal loop, without considering real
scenario effects). The self-resonance of the probe loop was sufficiently
far away from the sensor operative range, thus ensuring a purely
inductive mutual coupling between them. Afterwards, the sensor

Fig. 3. Experimental set-up: (a) the sensors were fixed with paper tape above
the second internode of each of the 54 maize samples. (b)Method for acquiring
the input impedance Zinput : the external probe loop, connected to a VNA, is
positioned concentric and close to the sensor.
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response to the increased water stress was investigated in order to
correlate the health status of the maize plant to the probe loop input
impedance. In this context, as the degree of water stress increased, a
progressive linear increment of the maximum of the real part of the
probe loop input impedance (ℜ (Zinput)) and of the resonance frequency
(fr) was observed (Fig. 4b). As previously reported, this behaviour re-
sults from water stress-induced dielectric characteristics variations that
produce changes in the lumped spiral sensor equivalent circuit param-
eters (in particular Reff and Ceff ). The observed percentage deviations in
the real part of the input impedance amplitude and resonance frequency
shift between stress states 1 (no stress) and 7 (maximum stress) was 20%

and 73.7%, respectively.
In order to estimate the penetration depth into the maize stem, the

normalised H-field map on a plane perpendicular to the sensor (zy plane
in Fig. 4c) was calculated. The amplitude of the reactive magnetic field
reached a depth of 8 mm with a normalised amplitude of 0.5.

3.2. Experimental sensor results

As reported in the Microwave Sensing Experimental Setup section,
the input impedance of the stand-alone probe (Zprobe

)
was initially

measured to analyse the effect of the ohmic losses caused by the
connector and the parasitic capacitance introduced by its soldering. The
experimental Zloop is reported in Fig. 5. As a general observation, an
amplitude reduction can be observed with respect to the numerical set-
up, while the parasitic capacitance introduced by the soldering agreed
with simulations since the self-resonance frequency was around 460
MHz, as expected. The higher losses observed in measurements were
mainly due to the fabrication process. PCB traces notoriously suffer from
additional ohmic losses which are not considered in full wave
simulations.

After this preliminary validation, Fig. 6 compares the spiral sensor ’s
response placed on CB and SF maize samples treated with T25 and T100,
against time. In particular, in Fig. 6a-b, the variations of the real part of
the input impedance peak (max(ℜ (Zinput))) are reported. In Fig. 6c-d, the
sensor’s self-resonance frequency shifts (fr) are depicted. According to
the theoretical model, as the water stress increased day after day (blue
full line), a resonant frequency upshift and an amplitude increment in
the real component of the probe loop input impedance were observed for
the CBmaize cultivar. In contrast, the spiral sensor response of the maize
plants of the T100 treatment (red dashed line) remained almost constant
throughout the experiment, both in amplitude and in self-resonant fre-
quency value, which was in agreement with the expectation. A signifi-
cant difference between the two treatments can be observed in the
variation of the maximum real part of Zinput and fr, respectively from 71
DAS and 70 DAS.

Regarding the spiral sensor applied to the SF maize cultivar, for both
T25 and T100 treatments, as DAS increased there was a linear increase
of max(ℜ (Zinput)) and fr for both treatments but there was no statistical
difference observed between the treatments.

3.3. Morpho-physiological, anatomical, and histochemical responses to
water treatments

Consistent with the dielectric variations detected by the microwave
sensor during the 28-day long monitoring, the total amount of tran-
spired water was 53.27% (CB) and 62.41% (SF) lower in maize plants

Fig. 4. Numerical results: (a) the real and imaginary part of the stand-alone
probe loop impedance evaluated in the operative frequency range (100–550
MHz). Taking into account the parasitic capacitance at the feeding port, the
stand-alone probe loop self-resonance is around 464 MHz; (b) variation of the
real part of the input impedance (ℜ (Zinput)) for different water stress status; (c)
normalised magnetic field map evaluated on a plane perpendicular to the stem
(see Fig. 2c).

Fig. 5. Measured stand-alone probe loop impedance evaluated in the operative
frequency range (100 MHz–550 MHz). The effect of the parasitic capacity due
to the connector soldering is in excellent agreement with numerical simula-
tions, with a self-resonance observed at 460 MHz.
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subjected to the T25 treatment compared to the T100 condition
(Fig. S2). In general, such differences increased gradually from~50 DAS
onwards (p ≤ 0.05) and reached the maximum peak at ~ 60 DAS (CB.;
192.27 g, on average) and ~74 DAS (SF.; 292.50 g, on average). The
trend of rising transpiration rates recorded for fully irrigated CB plants
stabilised after the earlier developmental stages and partially decreased
from ~61 DAS, which resulted in non-significant differences with
respect to the T25 samples at 74 DAS. Particularly, the deficit-irrigated
CB plants maintained an almost constant water loss from ~51 DAS until
the end of the experiment (ranging from 94.00 to 145.46 g, on average),
as highlighted by the 50.43% higher variance detected in the T100
plants for the same period. Contrariwise, the transpiration rate of the
full-irrigated SF plants rose in a roughly linear fashion, reaching average
values during the last 4 monitoring days of 4.91–5.67 that were
3.55–4.28 times greater than the baseline (i.e. 46 DAS) and the T25
conditions (p ≤ 0.05), respectively. Although remaining significantly
lower compared to the full-irrigation throughout the experiment (p ≤

0.05; 60.93% lower values, on average), the water loss by SF plants
under T25 slightly increased up to ~ 60 DAS (109.60 g, on average) and
then decreased with a linear-like pattern (92.61 g, on average), which
was similar to the CB samples subjected to the same treatment.

Despite the observed variability in transpiration rates, deficit-
irrigation did not significantly affect the above-ground Percentage Dry
Matter Content (PDMC) of both cultivars (Fig. S3). At the whole-plant
scale, the PDMC showed a progressive increase up to 15.34% and
11.73% (under T100 and T25, respectively) in CB and up to 15.22% and
5.84% (under T100 and T25, respectively) in SF as the maturation phase
progressed. The differences between treatments were almost always
non-significant (p > 0.05) regardless of the plants’ age. For both culti-
vars, the leaves’ PDMC slightly increased with water deficit reaching an
exacerbated deviation from T100 only for CB at 67 DAS (p ≤ 0.05;
21.72% higher values, on average). In contrast, the stem, ear and cob
(maturity stage reached only by the early CB) dry matter in plants under
T25 was respectively on average 16.22%, 25.96% and 13.07% lower
than in the full-irrigation treatment (T100) starting from 60 (CB) and 67
DAS (SF). The PDMC in the stems and ears was always higher in CB at
advancedmaturity stages for both the treatments during the experiment.

Focusing on the maize stem density (Fig. S4), only the CB plants
showed a significant reduction at the end of the water shortage period
(p≤ 0.05; 30.91% lower values compared to T100 samples, on average).
In particular, the average ρstem under T25 increased by up to 25.91%
from 46 to 68 DAS, albeit at a lower rate compared to the control plants

(30.51% increase, on average). After this date, the stem density under
T25 abruptly decreased (9.30% lower values at 74 DAS, on average),
while the T100 values continued to rise until the end of monitoring
(18.78% higher values at 74 DAS, on average). Conversely, the ρstem in
SF samples under deficit-irrigation reached similar levels to those of the
control plants throughout the experiment, by slightly deviating from the
baseline range (i.e., 46 DAS).

The stem sections of the CB submitted to the safranin/Astra blue
staining showed very slight pink staining in the outer part of the stem, at
46 DAS and 74 DAS in the T100 treatment only (Fig. S5 A and B). In the
T25 treatment, no pink stained cells were evident, while there was a
conspicuous increase in sclerenchymatous cells around the bundles. In
the outer leaves enveloping the stem, the sclerenchymatous cells
reached up to the epidermis, creating zones of thickening (Fig. S5 C
arrow), while in the stem they created a continuous zone below the
epidermis (Fig. S5 D arrow). Similar to the CB results, cells with very
slight positive staining to safranin/Astra blue dye were evident at both
46 DAS and 74 DAS for SF under T100 and T25 treatments in the outer
part of the stem. The anatomical structure of the T100 and T25 samples
also did not appear to undergo any major changes other than a slight
thickening of the cell layers under the epidermis (Fig. S5 E, F and G).

The spectral profiles of the external stem sections in the analysed
samples from the two maize cultivars, CB and SF, can be observed in
Figs. S6a and S6b, respectively. It was observed that the general spectral
profile in the range of 1800-700 cm¡1 was similar, but certain charac-
teristic bands exhibited changes in absorbance and/or wavenumber. For
selected bands in the FTIR spectra, the relative absorption values are
provided in terms of a specific lignin band at 1505 cm¡1, corresponding
to the C––C aromatic skeletal vibrations stretching of the benzene ring in
lignin. Regarding the maize cultivar CB, a low detectable amount of
lignin was found for three plants at 46 DAS with 100% of the FCW.
However, in the case of one CB sample, lignin was not detectable
through spectroscopy. Both plants analysed at 74 DAS under two water
treatments, 100% and 25%, exhibited a quantity of lignin that was not
extremely high but still comparable and slightly higher than the stems
analysed at 46 DAS (Fig. S6a). For the maize cultivar SF, the presence of
lignin is noticeable both at 46 DAS (except for one SF sample, possibly
due to the selection of the upper portion of the plant during sampling)
and at 74 DAS under the T100 and T25 treatments in the outer section of
the stem. However, at 46 DAS, the amount of lignin did not seem
comparable between sample S1 and S3, with the latter showing lower
quantities. Additionally, under the T25 water stress condition, the

Fig. 6. Experimental results on: (a)–(b) variation of the maximum of the real input impedance of the system for treatments T25 (blue line) and T100 (red line),
cultivar CB (left) and SF (right); (c)–(d) self-resonant frequency shift for treatments T25 (blue line) and T100 (red line), cultivar CB (left) and SF (right). Asterisks
indicate significant statistical differences between plants under T25 and those under T100 according to t-test (*: p ≤ 0.05). The vertical bars represent the standard
error. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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quantity of lignin appeared to be significantly reduced compared to the
T100 treatment (Fig. S5b).

3.4. Modelling relationship between morpho-physiological parameters
and sensor response to water treatments

The principal component analysis (PCA) on the whole dataset pro-
vided a two-dimensional pattern (Fig. 7), explaining 60% of the total
variance. PCA revealed good discrimination between the CB maize
cultivar under treatment T25 and CB and SF maize cultivar under
treatment T100 and T25. Sensor parameters (fr and max(ℜ (Zinput))) had
the highest inverse correlation with morphological parameters
DWCAGB and FWCAGB (Figs. S7 and S8 and Table S3) afferent to the aerial
part (stem, leaves, ear and cob). Since the sensor is fixed directly on the
stem (fraction of the aerial component), the correlation between the
content of FWCstem (%) and the sensor variables fr and max(ℜ (Zinput))
were evaluated individually. In particular, data analysis showed a
higher correlation between fr , max(ℜ (Zinput)) and FWCstem.

Regarding CB (Figs. S9a and b)), from ∿ 67 DAS it becomes evident
that a discernible discrepancy between the T25 (red symbols) and T100
curves (blue symbols) can be detected. With a reduced water supply, the
max(ℜ (Zinput)) and fr increased and an inverse linear correlation coef-
ficient between the two variables was observed (Table 4). In contrast,
the max(ℜ(Zinput)) and fr of the sensors applied to the CB maize species
under T100 remained almost constant in a range between 17 and 52
Ohm and 250–300 MHz with a correlation coefficient r equal to − 0.78
and − 0.64. Regarding the SF cultivars (Figs. S9c and d)), for both
treatments T25 and T100 a linear increase of max(ℜ (Zinput)) and fr was
observed as water supply decreased. Regression analysis parameters are
reported in Table 4.

4. Discussion

In this paper, an innovative microwave sensor has been presented for
real time, non-destructive monitoring of plant’s water stress status. Its

proven capacity to accurately identify the morpho-physiological varia-
tions at the organ and whole plant level represents an instrumental step
towards the improved comprehension of genetic mechanisms underly-
ing crop responses in resource-limited environments. Accordingly, the
sensor is a promising tool for breeding more resilient cultivars to water
scarcity, as well as for the optimised management of irrigation
strategies.

The strength of the implemented microwave sensor can be ascribed
to its remarkable technical characteristics and cost-effectiveness. In
particular, this wireless technology eliminates the need for a physical
microchip, thus making it a cost-effective alternative when juxtaposed
with chip-based RFID systems, as documented by Costa et al. (2021),
and commercially available instruments, such as TDR and leaf sensors,
as highlighted in the works of Majcher et al. (2020), AgriHouse Inc.
(2017) and Decagon Devices Inc (2016). The sensor’s distinctive capa-
bility to actively oversee the physiological well-being of living plants
was achieved through direct interfacing. Firstly, this was enabled by the
chosen flexible, compact, and non-invasive configuration, which was
amenable to adaptation for all plant organs, exemplified here by its
application to the stem (Wang et al., 2018). Secondly, the sensor’s ca-
pacity for real-time monitoring of dielectric property variations in the
stem accommodated the detection of specific and precise physiological
changes. This level of accuracy overcomes that of soil sensors, which
predominantly focus on moisture level measurements, providing only
indirect insights into plant health (Cappelli et al., 2021; Daskalakis et al.,
2016). Similarly, leaf sensors furnish indirect assessments of a plant’s
health status, often derived from detached leaf specimens, as explored
by Dey et al. (2020) and Yan et al. (2020), or predicated on temperature
differentials between leaves and the ambient air, as expounded upon by
Palazzi, Bonafoni, et al. (2019a). Moreover, it is crucial to underline the
environmental friendliness and non-intrusiveness of this sensor within
its natural habitat deployment. Specifically, the non-invasive attributes
of the proposed sensor guarantees the overall health of the plant,
reducing the risk of inducing stress or infection, in stark contrast to other
in vivo solutions that necessitate the insertion of steel needles into the
stem to measure electric impedance variations (Comparini et al., 2020;
Garlando et al., 2022). Lastly, according to the literature, numerous
investigations have been undertaken to assess the influence of different
geometric factors, including diameter, spacing between turns and
number of turns, on the operational efficacy of the resonator (Sarhadi
et al., 2013; Sergienko et al., 2016; Virdee and Grassopoulos, 2003).
These studies have demonstrated that the maximisation of the Q-factor
throughout the design phase resulted in a discernible enhancement in
system sensitivity and resolution. Consequently, the Q-factor optimiza-
tion procedure described in the design process provided a substantial
contribution towards achieving optimal performance.

As research progresses into the complex processes by which crops
react to environmental stressors, including drought, it becomes apparent
that understanding their physiological adaptations is of paramount
importance. Indeed, signal transduction pathways activate plant adap-
tive responses, encompassing physiological and molecular adjustments
(Nawaz et al., 2023). These responses, in turn, lead to shifts in resource

Fig. 7. Graphical representation of the principal component analysis conducted
on the analysed parameters: FWCAGB+BGB = above + below ground biomass
fresh base water content; FWCAGB = above ground biomass fresh base water
content; FWCBGB = below ground biomass fresh base water content; FWCstem =

stem fresh base water content; FWCleaves = leaves fresh base water content;
DWCAGB+BGB = above + below ground biomass dry base water content;
DWCAGB = = above ground biomass dry base water content; DWCBGB = = below
ground biomass dry base water content; DWCstem = = stem dry base water
content; DWCleaves = leaves dry base water content; H2OAGB+BGB = above +

below ground biomass water content; H2Ostem = stem water content; ⍴stem =

stem density; Ψmin = minimum leaf water potential; fr = resonant frequency;
max(ℜ (Zinput )) = maximum of the real part of the input impedance. The blue
lines represent all variables that contribute to discriminating between treat-
ments. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Table 4
Correlation and regression analysis summary for the relationship between spiral
sensor parameters (max (ℜ (Zinput)), fr) and FWCstem across different cultivars
(CB, SF) and treatments (T25, T100).

Cultivar Treatment Equation r

CB T25 max (ℜ (Zinput)) = − 18.41 FWCstem +1652.32 − 0.89
T100 max (ℜ (Zinput)) = − 3.211 FWCstem +316.72 − 0.83

SF T25 max (ℜ (Zinput)) = − 35.87 FWCstem +3230.46 − 0.70
T100 max (ℜ (Zinput)) = − 11.94 FWCstem +1118.64 − 0.83

CB T25 fr = − 10.54 FWCstem +1186.16 − 0.78
T100 fr = − 2.92 FWCstem +514.29 − 0.64

SF T25 fr = − 17.72 FWCstem +1821.74 − 0.60
T100 fr = − 8.92 FWCstem +1052.7 − 0.81
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allocation patterns and consequential alterations in the growth dy-
namics of individual organs. The complex interaction described above
sets the stage for the water status monitoring of two maize cultivars (CB
and SF) subjected to different irrigation treatments (T100 and T25) for a
duration of 17 days. The objective was to establish a correlation between
the sensor response (i.e., max(ℜ(Zinput)) and fr) and pertinent
morpho-physiological parameters to evaluate the potential application
of the implemented sensor in detecting plant water status. Indeed, the
variations in the electrical signal recorded over time on vegetative or-
gans (e.g, leaves) have been successfully related to hydration deficits,
albeit with approaches that could impair the physiology of living plants
(Garlando et al., 2022). Self-adhering surface microelectrodes have been
recently developed for measuring leaves’ electrophysiology, avoiding
damage to plants with directly implanted contacts (Meder et al., 2021).
Nevertheless, leaf wearable sensors can interfere with plant growth by
hindering gas exchange and reducing light absorption, which restricts
their applicability for detecting the occurrence of morpho-physiological
adaptations triggered by water stress (Zhang et al., 2023). The light-
weight, soft, and bendable configuration of the proposed microwave
sensor guarantees a non-invasive monitoring of the single-plant water
status through an in-depth evaluation of stem dielectric properties os-
cillations under drying conditions. Specifically, the constant trend of the
signal recorded on fully irrigated plants (T100) differed from the sensor
response of the samples subjected to T25 treatment, which were char-
acterised by an overall upshift of fr and a rising of max(ℜ(Zinput)) (Fig. 6).
As a matter of fact, progressive increases in the stem signal variance can
be generally associated with the occurrence of plant responses to water
stress (Lazzoni et al., 2022; Sharma et al., 2020). This assumption is
supported in this study by the lower transpiration rate experienced
under limited irrigation conditions that reflected a typical stress-related
effect of stomata closure on photosynthetic activity (Flexas et al., 2004).
Such an adaptive pathway may be associated with the diminished AGB
accumulation and partitioning, which negatively impacted the stem
Percentage Dry Matter Content (PDMC) at advanced development
stages. In line with these findings, previous studies have demonstrated
how the maize stem is more sensitive to water stress than other
above-ground organs (e.g., leaves and silks) involved in the quick
mobilisation of reserve assimilates to reproductive organs (Ma et al.,
2018; Westgate and Boyer, 1985; Yousaf et al., 2023). This evidence
confirms that the signal propagation of this sensor responds to changes
in the structural and hydraulic composition of maize stem induced by
different irrigation treatments.

Anatomical adjustments of maize stem against water stress vary
significantly depending on the varietal characteristics and its growth
period, underlying biochemical and histological adaptations that could
contribute to the electric signal variability (El Hage et al., 2021;
Kränzlein et al., 2022; Nadler et al., 2008). The responses of the pro-
posed sensor showed how the tested maize cultivars behaved differently
in balancing the stem’s moisture and dry matter based on the pheno-
logical stage and stress condition. In particular, very-early CB plants
experienced drought between reproduction and grain filling time
(Fig. S2), which has been recognized as the most critical among all
stages of maize growth (Singh et al., 2023). This led to a significant
decrease in the stem density (ρstem) at advanced maturity compared to
fully irrigated plants, with consequently higher dielectric responses
registered toward the end of the experimentation. Such a depletion was
mainly attributable to the observed absence of lignified tissues in
stressed CB plants, which was justified by the counterproductive nature
of synthesising hydrophobic molecules under water-depleted conditions
(El Hage et al., 2018, 2021; Stubbs et al., 2022). To compensate, a
notable enlargement of sclerenchymatous cell layers surrounding the
epidermis-reaching beams conferred greater mechanical strength to
vascular tissue by minimising water loss (Fig. S5),which has as already
been observed for wheat (Waseem et al., 2021), rice (Mostajeran and
Rahimi-Eic, 2008) and other plant species (Nawazish et al., 2006).
Indeed, stem cross-sectional thickness promotes the formation of storage

parenchyma, enabling the plant to maintain water potential under
prolonged drought periods (Plavcová and Jansen, 2015; Waseem et al.,
2021). In this study, this guaranteed a percentage hydration of the stem
(FWCstem) under T25 almost equal to the T100 treatment, although an
immediate reduction in transpiration was observed as a typical isohydric
maize behaviour (Tardieu and Simonneau, 1998). Thus, sclerification
endowed stressed plants with different dielectric properties compared to
fully irrigated plants that showed a constant sensing response attribut-
able to the absence of significant tissue changes except for an exiguous
synthesis of lignin and a consequent increase of max(ℜ (Zinput)) and fr at
maturity stages. On the other hand, no significant variations in the
development of morpho-physiological traits, including ρstem, were
detected for the slow-growing SF cultivar that had to deal with deficit
irrigation during vegetative and early flowering phases (Fig. 7 and
Fig. S3). As a matter of fact, maize was relatively insensitive to water
stress imposed before kernel development because of the relatively
lower water requirements (Mansouri-Far et al., 2010). Nevertheless, the
generalised frequency shift and amplitude variation detected by the
sensor throughout the experiment could be attributed to the incremental
presence of lignified tissues within the outer section of the stem (i.e.,
rind). In line with these findings, it has been previously demonstrated
that maize plants subjected to water stress could synthesise less lignin
compared to optimal conditions and preferentially accumulate it inside
the rind rather than in deeper parenchymal tissues (El Hage et al., 2018;
Legland et al., 2017). Such an adaptive mechanism may explain the
divergence in the signal detected between stressed and non-stressed SF
plants, confirming the sensitivity of the proposed sensor also to slight
changes in the biochemical composition of plant tissues due to water
treatments. The sensor’s ability to detect variations in both water con-
tent and histology is a notable advantage in assessing stress levels.
However, it may also be a limitation as it can be difficult to understand if
such variations are due to stress or plant growth.

To overcome this constraint, an effective solution could be a further
implementation of the presented sensor with a dual-layer architecture in
order to increase the sensitivity (Brizi et al., 2020). The objective of this
strategy is to enhance the magnetic field through the use of a two-layer
spiral resonator, with one layer exhibiting "left-handed" characteristics
and the other layer exhibiting "right-handed" characteristics, both of
which are interconnected at their own ends. In this manner, a contin-
uous configuration is achieved, facilitating the unidirectional flow of
electric current and, thus, amplifying the magnetic field. Furthermore, it
is important to address the impact of temperature variations on the
dielectric properties of water and plant tissues, as highlighted in the
literature (Seyfried & Grant, 2007; Ulaby and El-rayes, 1987; Ulaby and
Jedlicka, 1984). Indeed, the temperature dependence can affect the
sensor’s readings and lead to wrong conclusions on the plant health
status. A solution to mitigating this issue consists in an accurate cali-
bration to be conducted under different temperature conditions. Estab-
lishing the baseline for the sensor output at various temperatures will
allow for corrections to be implemented during actual field measure-
ments. In this experiment, measurements were specifically conducted at
the same time each day to ensure consistent temperature conditions,
thereby minimising variability in the data. To better assess the sensi-
tivity of the sensor, additional factors that can be modified include the
placement of the sensor on the plant in regions or organs that are more
susceptible to water scarcity, as well as the selection of different crop
species characterised by slower growth rates, such as tree crops. More-
over, being a prototype, the sensor is not suitable for crop monitoring in
an open field because meteorological phenomena, such as precipitation
or intense wind could damage it and detach it from the plant stem.
Therefore, future developments should be directed at enhancing the
sensor’s mechanical robustness and environmental resilience. These
improvements should include the development of suitable protective
structures and anchoring systems to ensure the sensor’s operational
stability and mechanical integrity, even under adverse weather condi-
tions. Additionally, the use of a Vector Network Analyzer (VNA) for
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sending and collecting the RF signal is currently recognized as a limi-
tation due to its impracticality for field deployment. In the imple-
mentation phase, each reading VNA should be replaced with a handheld
device or even with an integrated circuit connected with the other in a
mesh network supported by IoT communication technologies. Such a
transition should make the measuring system more practical for
real-time crop monitoring beyond the prototype stage. In summary,
while the methodology for monitoring plant water status was effective,
enhancing the hardware is essential for broader application. With these
improvements, the sensor could be used for more optimised and sus-
tainable water resource management, particularly in the context of
precision agriculture and climate change adaptation.

5. Conclusion

In this paper, an innovative sensing configuration has been presented
for non-destructively assessing the water status of plants. This configu-
ration employs a self-resonant spiral coil, which is sensitive to the target
composition variation, and inductively coupled to a probe loop. The
latter has the dual purpose of supplying power and reading the output
signal. The equivalent RLC circuit model was used to analytically
describe the sensor’s operating principle and the design was achieved
following a Q-factor optimization procedure to maximise the system
sensitivity. The sensor performance has been evaluated numerically and
experimentally to demonstrate the relations among the maximum of the
real part of the input impedance, the resonance frequency and plant’s
health status. In particular, the water stress monitoring was achieved by
recording the system parameters variations which are dependent on the
stem dielectric properties. Specifically, the spectral profiles of the
external stem sections and the correlation between the content of
FWCstem (%) and the sensor variables fr and max(ℜ (Zinput)) helped in
distinguishing the overall behaviour of two maize cultivars to deficit
water treatments. The proven sensor’s capacity to detect morphological
and histological alterations may limit other practical applications, as
discerning whether these modifications are attributable to stress re-
sponses or plant growth is challenging. For this reason, future de-
velopments will be devoted to strengthening the sensor magnetic field to
enhance the sensor performance and modelling the structure of the stem
in order to find the parameters of the individual tissues for a more
thorough test of the sensitivity of the sensor. Finally, while the sensor
demonstrates a significant potential, its application for widespread
irrigation control requires further refinement, particularly in making the
sensor more robust and resilient in field conditions. If these challenges
are overcome, the enhanced sensor could facilitate more optimised and
sustainable management of water resources, enabling efficient irrigation
practices tailored to the real-time needs of plants and crops.
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