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A “plant-wearable system” for its health monitoring
by intra- and inter-plant communication

Umberto Garlando, Member, IEEE, Stefano Calvo, Student Member, IEEE,, Mattia Barezzi, Student
Member, IEEE, Alessandro Sanginario, Member, IEEE,
Paolo Motto Ros, Member, IEEE, and Danilo Demarchi, Senior Member, IEEE

Abstract—A step forward in smart agriculture is moving to
direct monitoring plants and crops instead of their environment.
Understanding plant status is crucial in improving food produc-
tion and reducing the usage of water and chemicals in agriculture.

Here we propose a “plant-wearable”, low-cost, and low-power
method to measure in-vivo green plant stem frequency as the
indicator for plant watering stress status. Our method is based
on measuring the frequency of a digital signal obtained with
a relaxation oscillator where the plant is part of the feedback
loop. The frequency was correlated with the soil water potential,
used as a critical indicator of plant water stress, and an 85%
correlation was found. In this way, the measuring system matches
all the requirements of smart agriculture and IoT: ultra-low-cost,
low-complexity, ultra-low-power, and small sizes, introducing the
concept of wearability in plant monitoring. The proposed solution
exploits the plant and the soil as a communication channel: the
signal carrying the plant watering stress status information is
transmitted to a receiving system connected to a different plant.
The system’s current consumption is lower than 50 A during the
transmission in the plant and 40mA for wireless communication.
During inactivity periods, the total current consumption is lower
than 15pA.

Another important aspect is that the system has to be energy
autonomous. Our proposal is based on energy harvesting solu-
tions from multiple sources: solar cells and plant microbial fuel
cells. This way, the system is battery-less thanks to supercapac-
itors as a storage element. The system can be deployed in the
fields and used to monitor plants directly in their environment.

Index Terms—Smart Agriculture, in-vivo monitoring,
impedance monitoring, water stress, intra-plant
commununication

I. INTRODUCTION

LIMATE change and urbanization are two of the leading
Ccauses of arable land reduction. Authors in [1] found
that over 5 million square kilometers of drylands have al-
ready turned into deserts because of human activities. Climate
change and the reduction of soil quality [2] will have a major
impact on food production [3].

Food production has a massive impact on the climate. It
contributes to one-fourth of the global amount of greenhouse
gas emission [4], and its impact is destined to grow since the
world’s population is expected to reach 10 billion within this
century [5]. Therefore, a novel approach to food production
is needed to ensure sustainability and security both from the
point of view of health and quantity.

U. Garlando, S. Calvo, M. Barezzi, A. Sanginario, P. Motto Ros and D.
Demarchi are with the Department of Electronics and Telecommunications,
Politecnico di Torino, Torino, Italy.

Corresponding author: umberto.garlando @ polito.it

Smart agriculture combines engineering and farming knowl-
edge to achieve these two goals.

Environment analysis is the most common method applied
in smart agriculture, but it is not the most efficient. Authors
in [6] and [7] present the application of weather station to
monitor the environment surrounding the crops to perform
weather forecasts, while Nakayama et al. infer information
regarding soil water content exploiting an infra-red light
source [8]. Inferring crops’ health status by analyzing their
environment could be misleading. Garlando et al. showed that
environmental sensors might not be sufficient to understand
crops’ health status [9]

Thus, sensors directly implemented on crops have been
developed to inspect key parameters to extract information
about their health status. Sensors applied directly onto the
crops have been implemented in wireless sensor networks to
gather information regarding leaf temperature [10] and wetness
[11], stomata transpiration [12], leaves water content [13],
and leaves and stem growth rate [14], [15]. Crops’ water
stress status is a key parameter to properly manage crop
irrigation. This parameter has been inspected by reading the
electrical potential that develops between crops’ stems and
the substrate where they are growing [16]. Another useful
parameter to asses information regarding this kind of stress
is the stem electrical impedance. Although the two methods
assess information on the same parameter, they can not be
compared since they rely on monitoring two different physical
quantities. It has been found that stem electrical impedance
varies when the plant is subjected to particular stimuli. It
could detect plants’ watering stress issues that environmental
analysis may not [9], [17], [18].

Studies regarding soil and plant stems and trunks highlight
that they can be used as communication channels in which
an electric signal can propagate [19], [20]. These papers show
that soil is electrically conductive (and, thus, may be exploited
to propagate a signal) and that transferring bits through plants’
trunks is possible.

The work presented in this paper is grafted on these three
latter discoveries (soil electrical conductivity, trunk’s conduc-
tivity, and environmental sensors inaccuracy). It deals with a
novel approach to inspect in-vivo and real time plant stem
frequency and, at the same time, it aims at paving the way to
the development of the concept of the Internet of Plants (IoP).

Besides intra-body communication, presented by Motto Ros
et al. in [20], we demonstrated that plants could communicate
with each other through the soil. Therefore, stem frequency



evaluation has been performed by reading the signal injected
into a tobacco plant from another one. As the Results and
Discussion section explains, this signal frequency strictly cor-
relates to the stem impedance. Therefore, it can be exploited
to gather information regarding plant watering stress status.

A key aspect of smart agriculture devices is power con-
sumption. The system presented here is energy autonomous
since it exploits energy harvesting from different sources.

Given the proposed system’s simplicity and efficiency, it can
be deployed on the field without needing batteries.

Every experiment carried out and presented in the following
has been performed with tobacco plants (Nicotiana Tabacum).
Each plant was about 60 cm high, grown indoors, and sub-
jected to water stress.

In this paper, we prove that the stem frequency is a valid
parameter to monitor the plant water stress since it is highly
correlated to the electrical impedance and is propagated in the
plant itself, giving the possibility to read this information from
neighboring plants.

Moreover, low-power consumption, system simplicity, and
inter-plants communication may provide the possibility to
install a sufficiently high number of sensing systems (nodes)
to reach a high level of capillarity into the fields. Inter-plants
communication would allow for the installation of multiple
sensing nodes sending their data to a single receiving node
without relying on RF communication protocols. This would
reduce the overall power consumption increasing the system
life span and reliability.

The paper is organized as follows: section II describes the
designed circuit and how the experiments were performed.
Section III shows the results, and conclusions are described in
section IV.

II. PROPOSED DESIGN AND METHODS

In-vivo stem impedance measurements carried until now
rely on complex, time-consuming, and expensive systems [9],
[17]. This approach is not feasible if the analysis is meant to be
performed in a field. Thus, to overcome this limit, we decided
to inspect an oscillating signal frequency (stem frequency)
generated by an integrated circuit having a portion of the plant
stem in its feedback loop.

This choice has been made since an electric signal fre-
quency can be easily monitored nowadays with a cheap, small,
and low-power embedded system equipped with a Micro-
Controller Unit (MCU) performing a digital measurement.
We also soon see the possibility of exploiting flexible and
biodegradable electronics for implementing the solution we
are presenting.

A. Impedance and Frequency Correlation for Plant Health
Monitoring

The first step towards feasible in-vivo and in-situ stem
frequency monitoring demonstrated a strong correlation be-
tween stem electrical impedance and stem frequency. This
task was achieved by analyzing both stem electrical impedance
and frequency simultaneously, thanks to a relay-based system
and two bench instruments. Together with stem electrical

impedance and frequency, the soil water potential (SWP),
ambient light, air humidity, and temperature were measured.
SWP is strictly related to soil moisture and plants’ watering
stress status [21], [22]. It estimates a plant’s effort to absorb
water from the soil. Therefore, it takes into account both
water concentration and soil texture. Correlation among stem
frequency, electrical impedance, and soil water potential was
inspected by exploiting a custom PCB [17] mounted on a
RaspBerry pi Zero. This board was used both to monitor
SWP variations and to provide power to a Texas Instruments
LMCS555 timer mounted on a bread-board with a portion
of a tobacco plant stem with a length of about 5cm in its
feedback loop. SWP was monitored thanks to an Irrometer
Watermark sensor made of a piece of porous gypsum in
contact with the surrounding soil. This is a resistive sensor:
gypsum electrical resistance depends on the water content
of the surrounding media. Stem impedance, SWP, and stem
frequency were sampled once per hour.

Impedances were measured with a bench impedance me-
ter (HP Agilent, 4294A) exploiting a 4-probes measurement
method [23] performing impedance spectroscopy. Stem fre-
quencies and SWP were read by a bench frequency counter
(HP Agilent, 53181A). Temperature and humidity were mea-
sured with a Texas Instruments HDC2080, while light intensity
with a Texas Instruments OPT3001. These devices were read
by the RaspBerry pi Zero through an I2C interface.

Other important parameters (such as soil salinity) that may
affect plants’ health status were not considered to keep the
measuring system simple.

B. Intra- and Inter-Plant Communication

Plant’s leaves, branches, roots, and stem exchange sub-
stances. Thus, this process involves the entire plant and occurs
through channels crossing the whole plant (xylem and phloem)
[24]. A recent study showed that these tissues are electrically
conductive [25]. This means that an electrical signal injected
into the stem can propagate along it and be collected on a
different point of the stem [20].

Soil is electrically conductive too [26], [27]. Therefore, it
can be exploited to propagate an electrical signal from one
plant to another.

Thus, stem and soil conductivity may be exploited for stem
frequency analysis and SWP monitoring.

Two systems were designed to perform this experiment.
The first is a transmitting system whose task is to generate
the signal carrying the stem frequency and inject it into the
plant’s stem under test. Similarly to the experiment previously
described, the transmitter was equipped with a relaxation
oscillator (LMC555) with a portion of the plant stem in its
feedback loop. Therefore, the stem frequency was related to
the stem electrical impedance.

The second is a receiver designed to read this frequency and
execute SWP monitoring by exploiting the device described in
the previous section. These two systems were placed on two
plants growing in the same pot and about 20 cm far from each
other. Therefore, plants did not directly touch. The signal with
the information related to stem frequency traveled inside the
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Fig. 1. Experimental setup schematics. The dashed white line highlights the
path that the signal carrying the stem frequency followed, while the light blue
one refers to the signal carrying the SWP information followed.

stem plant under test, its roots, the soil, and the other plant
(where the receiver system was placed). The signal carrying
the information related to SWP level was injected into the
soil by the Watermark sensor (electrically in contact with the
soil); it traveled through the soil, the plant where the receiving
system was placed, and this device read it.

The experimental set-up and the paths followed by the
analyzed signals are reported in figure 1. Since this analysis
is meant to be performed in a field, the system must not rely
on power grids.

For this reason, a completely autonomous system (relying
on small poly-crystalline silicon solar cells) injecting the
stem frequency inside the plant under test was placed on its
stem (about 20 cm above the soil). In contrast, the receiving
one, placed about 5cm above the soil, was powered by a
plant microbial fuel cell [28], [29]. The transmitting and
the receiving systems were placed on the plants by pierc-
ing them with stainless steel needles (used as electrodes to
connect the two systems to the two plants) with a diameter
equal to 0.4mm. These needles’ characteristics (thickness
and material) provided good biocompatibility and resistance
to deterioration. Experiments lasted several months without
showing a significant impact on the results. Since the two
systems were placed on two different plants, they did not
share the reference voltage (ground). The receiving system’s
purpose was evaluating the stem frequency and SWP level,
storing their values, and sending them to a base unit through
LoRa (Long Range) radio-frequency communication protocol
[30]. LoRa enables the deployment in the fields where internet
access is unavailable, keeping very low power consumption.
The transmitting (TX) and receiving systems (RX, described
in the following) schematics are depicted in figure 2.a and 2.b
respectively.

They are composed of off-the-shelf integrated circuits
mounted on a custom PCB or a breadboard. Since both must
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Fig. 2. a) Transmitting System schematics. The same color has been used
to group devices that compose functioning blocks. b) Receiving System
schematics. The same color has been used to group devices that compose
functioning blocks.

be energetically autonomous and reliable, they were equipped
with energy harvesting and storing devices. The transmitting
system is powered by two small poly-crystalline based silicon
solar cellsconnected to a Texas Instruments BQ25570EVM-
206 (Power Management System, PMS) board. Further details
regarding the solar cells are given at the end of this section.
The energy storage device is a supercapacitor (PM-5R0V105-
R) with a 1 F capacitance connected to the PMS. The power
management system’s purposes were to optimize the power
coming from the solar cells (SCs), regulate the voltage on the
storage element, and provide a regulated output voltage to the
rest of the transmitting system. The first purpose is achieved
by sampling the solar cells (SC) open circuit voltage (V)
once every 16s and regulating the PMS input impedance to
set the SCs’ operating voltage equal to 80% of V,.. As it
is widely known, solar cells’ output power maximizes when
their operating voltage is around 75-85% of their open circuit
voltage. Storage device’s voltage regulation and monitoring
are performed to avoid excessively stressing the device and
prevent the discharge under a level that may damage it. The
PMS regulated output voltage was set to 1.8 V. It was used
to provide power to the rest of the transmitter composed of
two Texas Instruments TPL5110 timers (used to perform only
a few measurements per hour), one pass transistor (switch)
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Fig. 3. Portion of transmitting system dedicated to measurement timing. Timer 1 is set to have a period of 3s since R1 is a 7.6 k{2 resistor, timer 2 has a
28 min period since R2 is a 82k2 resistor. The switch output is connected to the LMC555 power pin.

Vishay SiP32431, and one Texas Instruments LMC555 timer
used as a relaxation oscillator (square wave generator).

The two TPL timers were connected in a loop-like manner
since the DRV pin of timer 1 was short-circuited to the
DONE pin of the other. This configuration allowed us to set
measurement duration (a few seconds) and system duty cycle
(two measurements per hour). This goal was achieved since the
two timers were used to pilot the pass transistor implemented
to gate the PMS output power to the LMC555 responsible
for the stem frequency generation. The two TPL timers and
the pass transistor are directly connected to the PMS output,
while the LMC timer is powered only when the pass transistor
is active. TPL timers 1 and 2 work in the enable state, and their
period is chosen to be equal to 3s and 28 min, respectively.
Timer 1 DRV (output) pin is connected to timer 2 DONE
pin, while this latter’s DRV is connected to the pass transistor
control pin. The switch’s output is connected to the LMC555
supply pin.

Timers and pass transistor connection schematic is depicted
in figure 3. Thanks to this configuration, it has been possible
to perform one stem frequency evaluation lasting 3s every
28 min without using an MCU for timing purposes, achieving
very low power consumption. When the timing circuit is
powered, both TPLs DRV pins are pulled down. Therefore, the
pass transistor is turned on, providing power to the relaxation
oscillator that injects the signal carrying the stem frequency
into the plant under test. After 3 seconds, the timer 1 DRV pin
goes up due to the timer configuration. This causes the timer 2
DRV to be pulled up since its Done pin will have a low-to-high
transition. Therefore, the pass transistor control pin is pulled
up, turning off the device and interrupting the energy supply
to the LMCS555. This measurement routine repeats when timer
2’s period ends (28 minutes). The whole transmitting system
current consumption was around 50 uA during measurements
and less than 1pA between two consecutive measurements.

The timing diagram related to measurement occurrences and
the switch’s control signal is reported in figure 4.

The LMC555 (square wave generator) was kept in the
configuration used to obtain a 50 % duty cycle square wave
as output with a frequency higher than 10kHz to be correctly
read by the receiver equipped with a high-pass filter.

The receiving system (RX) is powered by a plant mi-
crobial fuel cell (PMFC). Further details regarding PMFC’s
implementation and performances are given at the end of this

Vout

PMS < 28 min
Timer 1]/ <35 5. Timer 1 Timer 1
DRV DRV DRV
Timer 2 Timer 2 Timer 2
DRV } DRV DRV Wﬁ»
PWR PWR PWR
LMC LMC LMC
Timer 2
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Fig. 4. Measurement timing diagram. Arrows highlight established cause-
effect relationships that hold among signals.

section. Energy harvesting device, energy storage unit, and
the rest of the RX were connected to a Texas Instruments
BQ25570EVM-206 (Power Management System, PMS). This
device was modified to provide a regulated output voltage
equal to 3.3V. The device providing energy storage is a
supercapacitor (PM-5R0V105-R) with a 1 F capacitance. The
receiver is composed of two blocks. The first is a conditioning
circuit with a passive first-order filter and a threshold voltage
comparator. This circuitry filters the signal carrying the stem
frequency and restores its digital behavior. The second block,
a Micro-Controller Unit (MCU), reads the stem frequency
and SWP level, saves them, and sends their values through
LoRa protocol. The signal conditioning system’s purposes are
to filter out low-frequency (typically 50 Hz and its higher
harmonics due to the European power grid) superimposed to
the collected signal and to restore the signal in the digital
domain. This latter conditioning was necessary since the stem
frequency reading performed by the MCU was completely
digital. This choice allowed us to avoid using the MCU analog
peripherals that would increase its power consumption and are
very sensitive to power voltage oscillations. This component is
always present and hardly manageable in outdoor conditions.
Therefore, the filter was designed to have a cut-off frequency
equal to 10kHz. Thus, more than two orders of magnitude
higher than the fundamental noise frequency coming from the
power grid. The threshold comparator is made by an inverting
rail-to-rail threshold comparator (Texas Instrument TLV7011)
with 300mV hysteresis. Hysteresis value was set to fit the
experimental condition. This value may not be suited when, for
example, soil dries even further, and its conductivity decreases.
This would increase signal attenuation while traveling through
the soil, leading to a received signal amplitude smaller than
300mV. This attenuation could be considered by dynamically



Fig. 5. Signal inspected with an oscilloscope. a) Signal generated by the TX and injected into the plant under test. b) Signal received by the RX before
being conditioned by the high-pass filter. It can be seen that there is a noise superimposed on the correct signal (in fact, the line is thicker than the two other
plots). c¢) Signal after the manipulation performed by the high-pass filter and the threshold voltage comparator. This signal is fed to the MCU. The 0.35%
error present in the frequency of the reconstructed signal is due to cursor placement. It was impossible to acquire all these signals simultaneously since the
interaction between the oscilloscope probe and the circuitry would change its behavior and would not allow the condition circuit to work properly.

changing the hysteresis value since the TLV7011 allows for
easy thresholds tuning. Threshold comparator’s duty was to
convert the analog signal coming from the filter to a digital
one between 0V and 3.3V that the MCU could read. Together
with filtering low-frequencies, the filter also sets the signal’s
average value (DC component) at the midpoint of the threshold
comparator input common-mode range. Since the transmitter
and the receiver did not share the reference voltage, this was
necessary to set the received signal values’ reference to the
receiver one, thus to its ground. This enabled the rest of the
receiver to manage and read the signal properly. An example
of the injected and received signal is shown in figure5.

Figure 6.a schematized the signal conditioning path. The
RX’s second block is a NUCLEO-STM32WLS55JC1 devel-
opment board equipped with an STM32WL55JC MCU. It
is connected to the threshold comparator output, and it has
to read the signal frequency (generated by the transmitter),
store its value, evaluate the average between two consecutive
measurements, and send it through LoRa protocol once per
hour to a gateway (base unit) that made data accessible. The
MCU was kept in low-power modes between two consecutive
measurements. Moreover, a digital filter has been implemented
in the code running on the MCU to further reduce the
overall power consumption. Commutations performed by the
threshold comparator output awakened the MCU from its
low-power states. Then, the micro-controller checked if the

acquired frequency (due to TLV7011 commutations) was in
the expected range. If the read frequency was not in this
range, the MCU returned to its low-power state. Otherwise,
the measurement procedure (stem frequency reading, storage,
and transmission) continued. This digital filter improved noise
and power management. Furthermore, the micro-controller
performs the reading procedure of the watermark sensor.
The signal injected in the watermark travels through soil,
roots, and stem and is read through the same pin used to
read the stem frequency. The whole receiving system current
consumption was around 5mA while measurements occurred
with a peak of about 35 mA that lasted for a few ms for data
transmission with the LoRa communication protocol. Between
two consecutive measurements, the MCU was set to a low-
power mode that allowed a total receiving system current
consumption of around 15 pA.

Energy Harvesting Devices: The devices used to power the
receiving and transmitting systems harvest energy from light
and micro-biological activity in the soil close to the plant’s
roots, respectively. Two small poly-crystalline (around 6 cm?
each) solar cells provided power to the transmitting system.
Experiments took place in an indoor environment. Therefore,
cell performances (voltage vs. current) have been measured
with the impinging light coming from a lamp. Since the
two cells were equivalent, only one has been characterized.
Characterization was performed by connecting the cell to
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a resistive load ranging from 10Q) to 1M and reading
the voltage across the resistance with the Agilent 34401A
bench multimeter. Results are shown in figure7. Performances
clearly show that the combination of two cells connected
in parallel provides enough energy for the system to work
properly. Moreover, it is sufficient to keep the supercapacitor
charged enough to ensure that the transmitter injects the signal
for a few days even if the cells stop providing power. The
receiving system (RX) is powered by a plant microbial fuel
cell. The cell is composed of two electrodes placed inside
the soil about 20cm under the surface and with a relative
distance of 5cm. The two electrodes were made of a zinc
mesh and a copper wire shaped as a spiral [29]. The soil
in which plants grow is composed of a mixture of sand,
peat, manure, and ground leaves. The soil where plants grow
is rich in microbes. Therefore, their biological activity can
be exploited to extract electrical power [28] and provide it
to the receiving system. PMFC’s performances have been
evaluated with the same method exploited to characterize
the solar cell. Results presented in figure 8 show that it is
suited to provide energy to the receiving system ensuring
a satisfactory supercapacitor charging level. Due to PMFC
electrodes material, performances may deteriorate in the long-
term, but this did not happen during the experiments. The cell
output power kept a satisfactory level.
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Fig. 7. The blue line is the cell’s voltage vs. current characteristic, the red
one represents the output power (V' - I) provided by th cell. The purple circle
highlights the maximum power point (MPP) showing that it is approximately
80% of the open circuit voltage.

III. RESULTS AND DISCUSSION

A. Impedance and Frequency Correlation for Plant Health
Monitoring

A recent study [17] showed that stem impedance is prone
to noisy behaviors at lower frequencies. The same research
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highlighted that the impedance variations over time at higher
frequencies are too small to indicate the plant’s status. There-
fore, since stem impedance was analyzed through wide-range
spectroscopy, a single frequency was selected for the analysis.
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This frequency is 10 kHz, which offers a good trade-off.

Due to this choice, in the following, a single value per
impedance spectroscopy will be considered and reported in the
presented plots. These measurements assessed the correlation
among stem frequency, electrical impedance, and SWP. The
set-up implemented to monitor stem frequency, stem electrical
impedance, and SWP is described in section II. Pearson’s
correlation coefficient [31] was chosen as the parameter to
assess this correlation.

We chose this parameter because of its well-known relia-
bility in assessing correlation among different quantities and
since our attention focused on quantities trends rather than
their absolute value. Since plants are living beings, they are
characterized by a significant variability of the absolute value
of their parameters. Thus, observing quantities’ behaviors over
time rather than their instantaneous values leads to more
meaningful information.

All the analyzed quantities (visible light intensity, air humid-
ity, temperature, soil water potential, stem impedance phase,
modulus, and stem frequency) were sampled once per hour,
and the related time series underwent Pearson’s correlation
test.

Since the stem frequency was sampled once per hour, the
time series were filtered before the correlation test with a
moving average with a lag equal to 24. This focused on their
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Fig. 9. a) Stem frequency, stem frequency moving average, soil water potential (SWP), stem impedance modulus moving average, stem impedance modulus,stem
impedance, visible light intensity, ambient temperature, and air humidity phase for plant 1.

b) Stem frequency, stem frequency moving average, soil water potential (SWP), stem impedance modulus moving average, stem impedance modulus, stem
impedance phase, visible light intensity, ambient temperature, and air humidity for plant 2. Both plants experience watering events, and the green vertical
dashed line has highlighted them. Soil water potential measures are differential. Therefore, its value is assessed with respect to a known one. The reference

value refers to thoroughly wet soil.



overall trend (dominated by soil water potential variation)
rather than their short-term changes [17]. This statistical ma-
nipulation highlighted the long-term behavior, filtering out the
stem frequency and daily impedance cycle (detailed below).

Tests were carried out on two plants grown in their pot in
two different seasons (late spring and early autumn, Northern
Hemisphere) to have reproducible results. Measurements are
shown in figure 9.a and 9.b for plants 1 and 2, respectively.

As pointed out, the two plants show quite different stem
frequency absolute values but had similar behaviors over time.
Plant 1 stem frequency baseline values are lower than plant
2 ones. This explains the difference in the range of stem
impedance modulus for the two plants. It can be easily noticed
that in both cases, stem frequency and impedance modulus are
inversely proportional.

Stem frequency and impedance modulus undergo an evident
trend change after a watering event (frequency increase and
impedance modulus decrease). This change in trend is easily
noticeable in the stem frequency moving average. Therefore,
this quantity was exploited to decide when to water both
plants. Its development was constantly tracked, and plants
were watered when its value reached a decrease of about
20% with respect to the one evaluated seven days before. Soil
water potential levels corresponding to this decrease showed
that both plants were subject to water stress. Stem frequency,
impedance modulus, and phase showed a daily trend that led to
a local stem frequency maximum during the daytime, a simul-
taneous stem impedance minimum, and an impedance phase
local maximum. This behavior has already been observed in
a previous study regarding tobacco stem electrical impedance
monitoring [9]. In fact, Garlando et al. showed that impedance
modulus decreases when light impinges on the plant. This
variation may correlate to plants’ photosynthetic activity that
intensifies when enlightened. Quantities’ daily trends are more
noticeable in plant 1 than in plant 2.

Despite impedance phase and stem frequency seemed to
have a good correlation in both cases (see table I), our attention
focused on the relationship between impedance modulus and
stem frequency. This choice was because the impedance mod-
ulus can be easily read with a simple electronic system, while
the phase requires a more complex and power-consuming
conditioning circuit. Therefore, stem frequency monitoring is
a more feasible implementation for a ”plant wearable system.”

Statistical analyses have led to optimal Pearson’s corre-
lation coefficients (p-values) between stem frequency, stem
impedance modulus, and soil water potential, all higher or
equal to 0.75 (in absolute value). Statistical test results are
reported in table I. They focused on the period close to the
watering event (three days before and three after) to better
disentangle soil water potential’s impact on stem frequencies
(and, thus, on stem impedance) from other parameters’ contri-
bution. Moreover, since a plant is a living being, its reaction
to external stimuli (such as a watering event) has a certain
delay with respect to the event that caused it. As highlighted
in figure9, stem frequency does not react immediately to the
watering event. Hence the choice of the period for statistical
analysis.

Pearson’s correlation test numerical results clearly show

Stem Impedance | Impedance | Soil Water
Frequency Modulus Phase Potential
Stem 1 -0,99 0,92 0,85
Frequency 1 -0,99 0,89 0,76
Impedance -0,99 1 -0,86 -0,90
Modulus -0,99 1 -0,85 -0,75
Impedance 0,92 -0,86 1 0,61
Phase 0,89 -0,85 1 0,63
Soil Water 0,85 -0,90 0,61 1
Potential 0,76 -0,75 0,63 1
TABLE I

Pearson’s CORRELATION COEFFICIENTS EVALUATED AMONG THE
QUANTITIES REPORTED IN FIGURE 9. RED VALUES REFER TO PLANT 1,
WHILE THE BLUE ONES TO PLANT 2.

that: soil water potential and stem impedance modulus are
strictly correlated (correlation coefficients up to 0.9 in absolute
value), stem frequency and impedance modulus are very
strongly related (correlation coefficients equal to -0.99 for
both plants), and, as expected, stem frequency and soil water
potential are quite strictly correlated too. The values related
to their time series are up to 0.85. This means that inspecting
stem frequency provides reliable information about soil water
potential and, therefore, about plants’ watering stress.

B. Inter-Plant Communication

This experiment monitored stem frequency behavior over
time by exploiting plant stem and soil electrical conductivity.
The set-up has been detailed in section II. As stated, this
analysis involved two plants growing in the same pot.

Together with the stem frequency, soil water potential
(SWP) was monitored as a control parameter with the circuit
described in section II, subsection Intra- and Inter-Plant
Communication.

The measurements lasted over a month and a half, and plants
were subject to water stress. Therefore, they were watered only
when a visual evaluation suggested.

The plant’s conditions before and after the watering event
are depicted in figure 10.a and 10.c respectively. Figure 10.b
shows stem frequency and SWP in the period close to the
watering event. The whole data set showing the data acquired
during the experiment is reported in figure 11.

As described in section II, the signal injection was per-
formed on the plant under test (see figurel). Therefore, stem
frequency depended only on this plant’s water stress status.

This figure shows that frequency and soil water potential
have a similar behavior since they increase and decrease
almost simultaneously, as already noticeable in figure 9.a and
9.b. The delay between the occurrence of a watering event
(pointed out by the dashed line and a sharp increase in SWP
trend) is due to latency in the plant’s response to environ-
mental parameters change. Frequency and soil water potential
trends similarity is particularly noticeable in the green line in
figurel 1, upper plot (raw data polynomial interpolation). In
fact, before the watering event, they decrease, rise after, and
decrease again when the soil dries.

Moreover, the red line (raw data) shows the same daily cycle
as the plants in figure 9.a and 9.b leading to local minima and
maxima that repeat daily.
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Fig. 11. The graph on the top shows the frequency values read by the receiving
system during the analyses. The red line represents raw data, while the green
one is a 5t" degree polynomial interpolation. The bottom graph reports the
soil water potential values over time. The dark green vertical dashed lines
show the occurred watering event. Stem frequencies and SWP were evaluated
with an MCU whose clock was set to 1 MHz. Therefore, neglecting clock
frequency shift, stem frequencies were read with a relative error lower than
8%, while SWP with an error lower than 2%.

Performed tests, presented in figure 11, lasted several weeks
without showing failures and demonstrated that the harvested
and stored power was always sufficient. This suggested that
the implemented power management strategies and devices
(i.e., energy harvesting and storing) were effective enough to
provide reliability to the complete system.

IV. CONCLUSION

In this paper, we demonstrated how it is possible to di-
rectly monitor plant watering stress status by stem electrical

impedance analysis. This physical quantity has been measured
with a straightforward and reliable method, with devices
installed directly on the plant, measuring the frequency of a
square wave directly correlated to the impedance. The strong
correlation between plant water stress status and frequency
was proved with experiments.

Furthermore, a single reading system connected to a plant
reads data coming from multiple sources. A neighboring plant
water stress status and a sensor placed in the soil were
monitored from the same device without wired connections.

The system was completely autonomous from the energy
point of view. Two different energy sources were exploited,
and no batteries were used in the set-up. Being the system
battery-less (a critical feature for systems meant to be installed
outdoors) and entirely based on simple, off-the-shelf, compact
electronic components, we demonstrated that it could be easily
deployed into the fields.

Experiments proved that plants’ branches, leaves, roots, and
soil can be exploited as communication channels for electrical
signals’ propagation. This feature may be exploited in future
applications toward the realization of the so-called Internet
of Plants: a network where nodes are the plants themselves
because, as we demonstrated, the transmission of data and
the monitoring of plant’s health can be done in parallel,
allowing both functionalities with a single transmission. The
plan is to modulate the transmitted signals and exchange
information among plants in future developments. Moreover,
signal propagation in different soils will be inspected. This will
include different soil compositions and conditions. Moreover,
further inspections will be conducted regarding the signal
reconstruction circuitry (threshold voltage comparator) and its
reliability.
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