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Electrical impedance spectroscopy has been suggested as a sensing method for plants.
Here, a theoretical approach for electrical conduction via the plant stem is presented and
validated, linking its living electrical characteristics to its internal structure. An electrical
model for the alternating current conduction and the associated impedance in a live plant
stem is presented. The model accounts for biological and geometrical attributes. It uses
the electrically prevalent coupled transmission line model approach for a simplified
description of the complicated vessel structure. It considers the electrode coupling to
the plant stem (either Galvanic or Faradic), and accounts for the different interactions of the
setup. Then the model is simplified using the lumped element approach. The model is then
validated using a four-point probe impedance spectroscopy method, where the probes
are galvanically coupled to the stem ofNicotiana tabacum plants. The electrical impedance
data was collected continuously and the results exhibit an excellent fitting to the theoretical
model, with a fitting error of less than 1.5% for data collected on various days and plants. A
parametric evaluation of the fitting corresponds to the proposed physically based model,
therefore providing a baseline for future plant sensor design.

Keywords: plant impedance, plant electrical model, plant equivalent circuit, electrical impedance spectroscopy,
precision agriculture

INTRODUCTION

Food security for the increasing global population depends on advances in precision agriculture
(FAO, 2017). Among the strategies to improve crop yield, direct plant monitoring has been
suggested. Such monitoring suggests incorporating new technologies, devices and data collection
into common and prevalent agriculture practices (Luvisi, 2016; Walter et al., 2017; Fritz et al., 2018).
This is an important factor in what is titled as “precision agriculture”. Many reports on new emerging
data acquisition and analysis methods are currently being researched, including both direct plant
measurements, as well as methods for monitoring plant environmental parameters on the ground
(Fritz et al., 2017), or from the air (Sophocleous, 2021) with some studies going even further by using
the plant itself as an electrical communication channel (Ros et al., 2019; Jog et al., 2020). Here we
focus on the approach to sense changes within the plant in a direct manner, as a measure of plant
status and well-being.

In order to achieve combination of new direct monitoring technologies in agriculture, there is a
need to define the different terms and plant behaviors in electronics “terminology”. We need to test
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electronic behavior in the plant, by applying well known
electronic methods, characterize plants and change in plants,
and build a system approach to monitoring, according to changes
in electronic signals.

Usually an electronics monitoring system or sensor require a
supporting electronic circuit, which relies on the known
behaviors and systematic responses of the specimen or
device tested. Such a system or characterizations are usually
defined using a system model composed of different established
electric elements (such as resistors, capacitors, etc.). These
parameters of a model are based on basic research completed
across different specimen, that allow to define parameters such
as working ranges, frequency dependencies, sampling rates and
so on.

In this paper we present a model of a plant stem for electrical
signal conduction, which can later be applied for a sensor system
design and application. This approach may allow expansion of
the use of electronic monitoring devices in the field of agriculture
for both research and system applications in the future, providing
another step towards the incorporation of electronics into
precision agriculture.

This is a novel approach, in the sense that it relies on the basic
anatomical structure of the plant (which is relevant across all
plant species), and the internal physiological changes, of a living
plant, while simultaneously accounting for the electronic system
devised to acquire data. We expect it to be a useful tool for future
monitoring devices applied to plants.

Different direct monitoring methods have been reported.
Amongst these are sophisticated imaging and radar
technologies used to monitor visual change in crop status
(Benedetti and Rossini, 1993; Bellón et al., 2017). Others focus
on root behavior, soil quality and trunk health, for tree stability
assessments, using rather costly and non-field-deployable tools
(Sambuelli et al., 2003; Attia al Hagrey, 2007). Plant leaf changes
are another monitored area. Here temperature detection using
thermocouples or capacitance measurements, imaging
technology and a variety of electrical measurements are
translated for plant treatment adaption (Sakamoto and
Kimura, 2018; Pandey et al., 2018). Sap flow monitoring has
also been reported. It is considered as it represents the flow of
nutrients towards the plant roots. However, it is plant-type
specific and seasonal (Steppe et al., 2015). In plant research,
several electrical evaluations have been undertaken. The
assessment of internal plant signaling amongst cells has been
studied, showing action potentials and longer travelling signals
called variation potentials (Yan et al., 2009). These signals,
however, indicate chemically induced changes or a response to
local physical changes. Information on the overall plant status has
not been reported. Attempts to electrically evaluate the response
to plant trauma have been suggested, and it was concluded that
local damage induces generation and propagation of variation
potentials. These potentials affect the physiological processes in
the plants (Vodeneev et al., 2018). Electrochemical and bio-
electrochemical measurements of plants have also been carried
out, showing that long-distance communication between plant
tissue and cells can propagate rapidly with bio-electrochemical
signals (Zimmermann et al., 2016). It has been suggested that the

phloem is the carrier for these signals (Volkov, 2000; Volkov et al.,
2016).

Sensors based on impedance measurements are commonly
used for biological specimens, as impedance spectroscopy is a
well-established method for material characterization. It is often
used to evaluate change in biological materials and structures. In
plant research, it has been used to evaluate response at cell level,
differentiating between the response of the cell membrane, or the
vacuole in the cytoplasm, etc. (Zhang and Willison, 1991; Zhao
et al., 2013). Plant tissue, from different sections of the plant, has
also been evaluated for several phenomena such as, disease
detection, fruit ripening and the evaluation of frost response
(Zheng et al., 2015; Jócsák et al., 2019; Bertemes-Filho et al.,
2020). Models used to interpret the spectrum data have generally
been based on available models, with adaptations to the specific
specimen studied (Muñoz-Huerta et al., 2014; Repo et al., 2000).
Jócsák et al. include many of these reports in their comprehensive
review (Jócsák et al., 2019). For example, Zhang and Willison
(1991) suggested a double shell model used with complex
nonlinear least square fitting. This model was fitted to the
experimental spectra of potato pieces and carrot roots. The
best fit yielded good accuracy and the model components were
used to find attributes the plant internal morphology. Although
the work presented by Zhang and Willison (1991) yielded good
fitting, it was destructive to the specimen. In our paper we bring
an improved model using an in situ non-destructive setup. Our
proposed model is based on a holistic approach, where the plant
behavior is monitored, and the experiment setup is accounted for.
In earlier years (1920s), the electrical impedance of wood was
studied, although not in a living plant. Measurements were
carried out on bulk wood. Initially resistivity was evaluated in
DC (Direct Current). It was shown to be correlated to the wood
moisture content (Stamm, 1927). Later, an attempt was made to
measure the AC (Alternate Current) response of wood across a
range of frequencies. The frequency range was limited, as these
experiments were undertaken for the first time almost a century
ago (Luyet, 1932). Following these findings, there has been
limited literature published on electrical impedance
spectroscopy measurements to characterize the live plant
stems. Furthermore, a model based on the basic plant stem
structure, for the monitoring of living plants in a non-
destructive manner, has not been reported.

We address the electrical modeling aspect of the stem for
overall plant status monitoring for practical sensing applications.
This offers an electronic interpretation of the mechanisms
involved in electrical signal change measured using impedance
spectroscopy. An innovative approach is presented, examining
the basic plant anatomical structure and relating it to the
experimental in-vivo plant impedance setup. A hypothesis
and a first-order model for electrical conduction via the
plant stem are presented, suggesting an equivalent circuit
model for the plant stem. The measurement method is
implemented using a four-point-probe configuration,
providing in-vivo readings from the plant stem (Bar-on
et al., 2019; Garlando, 2020; Garlando et al., 2020; Garlando
et al., 2021). These are later linked to the suggested model of the
plant and experimentally validated.
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ELECTRICAL CONDUCTION HYPOTHESIS
BASED ON THE PLANT ANATOMY

In this paper, we examine the plant stem and its vascular system
anatomical structure, as it is believed to be the main system
influencing electrical conduction and impedance changes. This
study focuses on dicot plant structure and is demonstrated using
Nicotiana tabacum plants. However, due to our quasi-one-
dimensional modeling approach and the model assumption, it
is not limited to a specific plant type.

Investigation of the plant stem structure as a medium for
electrical signal propagation requires an estimation of the
dielectric and conductive paths available within the tissue
structure, including both material characteristics and
geometrical factors. Examining the plant stem anatomy, a
rough characterization with three main areas, can be assumed.
These are 1) ground tissue in both the pith area and the cortex, 2)
the vascular tissue composed of both xylem and phloem canals,
and 3) the epidermis dermal tissue. As the plant grows, it
produces additional xylem inwards towards the pith and
phloem outwards towards the epidermis, so the actual 3D
structure of the vascular system in a plant is not fixed along
the stem and changes during growth (Aloni, 2021).

A study of each of the different tissues of the plant stem for
electrical signal conduction, requires an estimation of the higher
and the lower resistive paths within the structure. Some studies
suggest that for ground tissue areas (i.e. pith and cortex) the
conduction of electrical signals will be across cell membranes.
This is expected to yield higher resistive behavior (Volkov, 2000;
Volkov, 2006). Under these assumptions, a lower resistance
conduction path may exist through the transporting vascular
tissues. The vascular tissues include the above-mentioned vessels
and as they develop, supporting plant fiber tissue increases as well
(Sorieul et al., 2016). These are made of cell walls and can be
categorized as a type of cellulose known to be a poor electrical
conductor (Volkov, 2006; Taiz and Zeiger, 2010). Consequently,
it can be expected that the electrical signal will be confined to flow
mainly via the xylem vessels and phloem sieve tubes. The xylem
and phloem conduits differ in both function and geometry. The
xylem tissue consists of vessels of variable lengths and diameters,
while the phloem includes comparable long sieve tubes. Between
the xylem and phloem there are diffusion channels like the
cambium and vascular rays (Taiz and Zeiger, 2010; Aloni,
2021). Since the xylem and phloem are responsible for the
water and nutrient distribution in the plant, it is assumed that
electrical signal conduction will also depend on changes in water
flux and osmotic potential within the vessels and sieve tubes.
These monitored changes may serve as an indication to overall
plant physiological status or change.

THE MODEL

Here, we present a theoretical approach with the given
experimental setup, to describe an electrical equivalent circuit
model of the plant stem. As described earlier, the electrical
conduction is assumed to be via the vascular cambium.

Therefore, the electrode coupling, and connectivity to the
plant stem are examined. A direct Galvanic coupling between
the plant and the signal and sensing electrodes is first assumed.
However, since the electrodes’ penetration is to a limited depth
and their size is finite, not all the conducting channels are in direct
contact with the electrodes. Hence, we then assume they are
capacitively coupled as well.

The model emerges from basic assumptions regarding the
plant stem microstructure, and is developed using well known
electronic circuit modeling approaches. The model results are
later validated using electrical impedance measurements carried
out using a four-point probe connection.

The model is derived in the following manner:

• The initial plant setup and connectivity are defined in terms
of the conduction pathways;

• A general coupled transmission line approach is suggested,
linked to the overall plant structure;

• An approximation using an equivalent lumped element
model derived from the above is presented.

Finally, the theoretical derivation suggests a representation
consisting of resistors, capacitors and constant phase elements
(CPE). This approximation is less accurate especially at high
frequencies. Yet, it is often applied for complex structures that
include both geometrical distributions and dependence on kinetic
and biological processes (Lasia, 1995; Lasia, 2014; Barbero and
Lelidis, 2017), such as in the plant stem. In addition, for practical
application, as data is often obtained at the lower part of the
spectrum (up to few 100 kHz), this model is very useful for
sensing applications.

Electrical Coupling to the Plant
Galvanic coupling is applied to connect to the plant stem. In this
manner, direct contact to the vascular cambium areas is achieved.
Au electrodes are used for the contact, while the effect of the
contact/plant interface is eliminated since in the four-point
measurement configuration, the voltage sensing electrodes are
decoupled form the current enforcing electrodes. The voltage is
measured in the internal sensing electrodes where there is no
current flow, i.e. they are at the point-of-zero-current which is
assumed to be identical for both sensing electrodes (or with a
fixed bias due to some chemo-physical variations). Therefore,
galvanic in-vivo coupling to the plant stem, is made by direct
contact with the vascular cambium, thus with the water and
nutrient conduction channels. Four electrodes are inserted along
the stem length, creating optimal contact for each electrode. A
schematic description can be seen in Figure 1. Due to the
randomly ordered bundles of xylem and phloem vessels within
the vascular cambium, the exact contact area varies between the
inserted electrodes and the conducting vessels. However,
assuming similar electrode placement across the stem, the
variations across experiments and specimens are expected to
be rather low due to the use of the four-point probe
configuration. Moreover, while the electrical current flows via
the vessels that are in direct contact with the inserted electrode, it
can be assumed that additional conduction paths, not in contact
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with the electrodes, contribute to the current flow via capacitive
coupling. Under these electrode contact assumptions, considering
the different options for direct contact to conducting vessels, four

possibilities exist. For a set of two pairs of electrodes, the four
options are: direct contact to the vessel on both ends, single
contact with the vessel, either at the top or bottom, and no direct
contact with the vessel (Figure 2). These four connection
possibilities represent the different conduction paths within
the actual vascular cambium. The proposed model accounts
for these four different interactions. The direct contact
formation and its behavior are considered, as well as the
differently coupled pathways i.e. no contact or partial contact
to the electrodes. Among the different connection possibilities,
capacitive coupling is assumed to account for the interface
between the channels.

The initial study investigates the behavior of a single
conduction vessel as a transmission line and continues to the
solution of two coupled transmission lines. The hypothesis
presents a lumped element model, suggesting a description of
the plant stem as a collection of electrical elements contributing to
the overall electrical conduction.

Transmission Line Approach
Based on the plant stem physiological structure and the presented
electrode coupling method, a coupled transmission line approach
is suggested. The transmission line, composed of resistive and
capacitive components, represents a single electrical conduction
path in the vascular cambium. As the plant stem is composed of a
collection of vessels, with different supporting tissue areas
between them, capacitive behavior between the lines is
included as these are not efficient for electrical conduction.

FIGURE 1 | Nicotiana tabacum stem cross section image. (A) Horizontal stem cross-section. (B) Horizontal cross-section showing locations of the different tissue
areas mentioned. (C) Schematic four probe electrode configuration and the cross-section of the inserted electrodes in the stem. The primary vascular system is drawn
schematically neglecting branching and other 3D structures, as is later assumed in the suggestedmodel. The image was taken at a mid-stem internode. The sample was
immersed in 70% ethanol for 72 h and images were acquired using a ZEISS Axio Zoom.V16 microscope with bright-field illumination and ×8 magnification.

FIGURE 2 | Schematic drawing of the four options relating the
connection options of the conducting channels. Each of the channels 1–4
symbolizes an optional conduction path: 1 conducting path with two
contacts, 2 and 3 a conducting path with a single contact, 4 a
conducting path with no contacts. The type of connection: contact, no
contact and conducting provides information regarding the coupling of the
channel within the measurement setup, e.g. the conducting channels are
coupled by an impedance, Zp,1–2, is expected to be capacitive. The sense
electrodes specified indicate where the voltage measurement electrodes are
connected.
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This results in the coupled transmission line behavior. An
approximation of the first order is applied, accounting solely
for nearest neighbors in the coupled transmission line. The
geometry is simplified to conduction via a quasi-one-
dimensional transmission model. The radial structure of the
plant is neglected assuming a current flow in a single
direction, and taking two parallel conduction vessels,
examining the interaction between them. From the vascular
cambium, a single vessel symbolizes a single conduction path,
such as the xylem. A fair assumption in live plants is that the
xylem vessel contains water (effectively conducting ions). At this
point, the phloem is neglected, assuming a more complex sieve
structure, introducing intrinsically higher resistance to electron
flow. The model vessel is simplified to a single cylinder-shaped
continuous channel, closer to a single xylem. The walls of the
xylem are composed of cell fiber tissue that is a passive
mechanical structure support for water transport. Therefore,
once an electrical potential gradient is imposed across the
vessel, having the confined water behave resistively, an
electronic double layer is assumed to be created between the
xylem wall and the liquid within the vessel. An effectively charged
layer along the interface of the vessel walls is created. This
resembles the behavior of semiconducting porous materials
and the approach for the analysis is adapted from this
assumption (Lasia, 2014; Barbero and Lelidis, 2017).

We define r and l, the radius and length of the vessel
respectively, and assume the following:

a. conduction can be assumed to be alongside the vessel walls;
b. the liquid within the vessel is uniform with resistivity ρs;
c. no radial potential gradient exists;
d. cylindrical tubes represent the xylem.
Under these assumptions, the capacitance per unit length is

given by Cwall � Cdl · 2πr[F/cm] where Cdl[F/cm2] is the effective
double layer capacitance, i.e. Gouy-Chapman-Stern model
(Barbero and Lelidis, 2017). The serial resistance per unit
length, rs, is given by: rs � ρs

πr2 [Ω/cm] while ρs is the electrolyte
resistivity.

Next, coupling between adjacent lines is considered in the
form of a nearest neighbor approximation. Taking the potential at
position x as v1(x)and v2(x), while the current is i1(x)and i2(x)
respectively (see Supplementary Figure S1). The resistance per
unit length is rs and the capacitance per unit length is Cwall for
each conducting channel can be found.

The different vessels are accounted for according to their
contact situation relative to the electrodes. The voltage in both
coupled lines is a function of time and position, yielding the
coupled transmission line equations:

z2v1(x)
zx2

� rsCwall,1
zv1
zt

+ rsC12
z(v1 − v2)

zt
(1)

z2v2(x)
zx2

� rsCwall,2
zv2
zt

+ rsC21
z(v1 − v2)

zt
. (2)

Assuming for both channels that the average coupling
capacitances are equal C12 � C21, while the average serial
resistance rs is as derived for a typical single vessel. This yields
the known coupled diffusion equations, that can be solved for

given boundary conditions and the resultant complex impedance
can be calculated as a function of frequency. However, a simpler
representation for easier and broader application of the model,
the lumped element circuit modeling is suggested. Each
transmission line can be represented by an infinite impedance
ladder (see Supplementary Figure S2), including capacitive (Zc)
and resistive (Zr) elements. The number of elements can be taken
as needed to increase accuracy, yet typically 2–4 elements are
sufficient for low-order approximation with sufficient accuracy
for practical application. As in low-pass filter ladder
representation, the serial elements are resistors, while the
parallel elements are capacitors. This can offer a first order
approximation for the behavior of the simplified geometrical
structure suggested and can be extended to the coupled
transmission line model (Supplementary Figure S3).
Furthermore, in the actual measurement setup several parasitic
effects may be encountered, influencing the overall system
behavior.

Lumped Element Model Using CPEs
Commonly used methods for solving the behavior of coupled
transmission lines are lumped element models. The Π or T
configurations yield a tool to assess the interaction between
the lines and their characteristics. These lumped element
models converge with the transmission line when the number
of elements go to infinity (Supplementary Figure S4).

A single component cannot easily represent the physical
structure of the plant, therefore we combine the use of Rs, Cs
and constant phase elements (CPEs) in our model
(Supplementary Figure S5) (Barbero and Lelidis, 2017). Each
conducting channel is described as complex impedance,
capacitively coupled to its neighbors. The AC leakage current
in the non-conductive part of the stem is considered to be
negligible.

For practical analysis, representation using a CPE in a circuit
model is commonly used (Bard and Faulkner, 1980; Macdonald,
1991; Lasia, 2014; Prasad and Roy, 2020). The CPE elements can
represent elements that behave in a frequency independent
manner, exhibiting a constant phase angle different from −90°,
typically between 0° and −90°. This approach allows estimation of
the behavior of a material, or process that responds with a time
constant, or effective phase shift, across various frequency ranges.
It is often used as a representation that allows attention to
different dispersion regimes, where each of them is dispersed
at different frequencies. It is also used to electrically describe the
behavior of occurring diffusion-based conduction, kinetic flow, or
a biochemical process, where conduction mechanisms and
pathways differ and need to be approximated for practical use.

In this case, for biological processes that are often diffusion
dominated, it may be expected to encounter the Warburg
coefficient (Barbero and Lelidis, 2017). It can be derived
from the solution of the transport equation with the proper
boundary conditions. The exact solution, using the eigen-
functions of the transport equation of 1D transmission lines
at the low and medium frequency ranges, can be approximated
using Constant Phase Elements (CPE) with an exponent equal
to 0.5.
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Based on the models explained above, several simplifications
are made to represent the various RC networks using constant
phase elements. Thus, a simplified model is offered. This lumped-
elements model consists of several branches, each branch
representing a different conduction pathway in the stem. As
explained (Electrical Coupling to the Plant), there are four
different connection combinations, resulting from the
electrodes coupling with the vascular cambium. Each one of
these branches is represented by a resistor and a CPE in
series. For the conducting vessels connected directly to the
electrodes, there is a direct connection (R1 and Z1). Whereas,
for the channels with a single-sided connection (R2 and Z2), or no

direct connection at all (R3 and Z3), a coupling capacitor is added
(C2 and C3 respectively). The two connection combinations, that
have only one end connected, have been combined since they are
essentially the same type, from a different perspective. This model
is shown in Figure 3 (equations can been found in
Supplementary Table S1).

Each branch represents the collection of the same
conduction path types, i.e. both contacts connected are
represented by R1 and Z1. The additional parallel element,
composed only of R, represents the high resistivity plant tissue
in contact with the electrodes (dermal tissue, possibly in the
pith and cortex areas). As explained, the multiple vessels
creating a distribution of conductive paths have both
resistive and capacitive behavior across the varying
frequencies. Hence, they are expected to show interaction
by capacitive coupling, resembling the classical behavior of
interconnect lines on a Printed Circuit Board (PCB) or
Integrated Circuit (IC), and that of an electrode-dielectric
interface. This simplified lumped element model is assumed
to represent the electrical behavior of the plant stem up to
several MHz in frequency. R1-branch represents the effective
impedance of the of both-contact cases, R2-branch the one-
sided contact and R3-branch the no-contact.

EXPERIMENTAL VALIDATION

Experimental Methodology
Different configurations are possible for EIS measurements.
These include two, three and four-probe configurations. Two-
probe configurations are prevalent for single frequency
measurements, or in the case of ideal Ohmic contacts. The
three-point configuration is often used for electrochemical
measurements that include a reference electrode. Here it is
proposed to use a four-point-probe setup to acquire precise
and sensitive readings directly from the stem. The two
external probes are designed to inject current, while the two
internal probes are used to measure the voltage drop. Since the
voltage is measured using a high impedance operational
amplifier, this method reduces the effect of the contact
impedance between the electrodes and the specimen under
measurement. This is important since in the field, outside the
controlled conditions of the lab, it is impossible to continuously
extract the exact characteristics of those contacts that are in series
to the current flow, and hence are problematic in a dual-probe
configuration. Therefore, the four-point probe configuration is
widely used in engineering for completing measurements where
the contact between the probes and the sample are unknown, or
difficult to determine. Thus, the experimental validation of the
proposed model was carried out using four-point probe
impedance spectroscopy setup, with electrodes galvanically
coupled to the Nicotiana tabacum stem (Handbook, 2016) (an
illustration and actual contact are demonstrated in
Supplementary Figure S6).

A Hioki IM3570 impedance analyzer was used in an analyzer
mode. Measurements were taken at 500 mV RMS, while each
measurement was averaged with a factor of 4. The frequency was

FIGURE 3 | The suggested circuit model components shown in a (top)
block diagram and (bottom) an equivalent circuit. The diagram presents the
suggested plant structure-based model for electrical conduction. Each line
represents a possible conduction path within the plant stem according
to the suggest analytical model representation. In red, a completely resistive
path indicating higher resistive areas; in green, a conduction channel where
both ends are in contact with the electrodes. Next, in blue, a conduction path
where only a single end is in contact with the electrodes, meaning that a
capacitive coupling is expected. Lastly a channel that is coupled only
capactively to the setup, indicating a conduction path that is in no contact with
the electrodes connected.
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swept logarithmically across 50 Hz–4 MHz, collecting 801 points
per sweep. Calibration including cables was completed prior to
measurements. The electrodes were coupled galvanically to the
plant by direct insertion into the plant stem, at a distance of 5 cm
[as described in (Bar-on et al., 2019a)]. Au electrodes (0.5 mm
diameter, approx. 4 cm length) were inserted into the stem,
ensuring direct contact with the vascular tissues inside the
stem. Measurements were carried out continuously across time
periods of a few days, and the results were logged and analyzed
[such a system was reported and described in detail in (Bar-on
et al., 2019b)]. The experiments were repeated across seven
plants, while they were each prolonged across 30–60 days at a
time, and data was collected every 9 min, yielding an experiment
sets of over 10,000 measurements.

Plant Choice and Preparation
The plant type was selected in terms of the knowledge of the
vascular structure, robustness and the study of its genetic
makeup. Nicotiana tabacum L. cv. Samsun-NN (tobacco)
plants were found to be a suitable match for this study. Young
plants grown for 3–4 months were used, having a stem diameter
of 0.7–1.1 cm (plant length was approximately 0.7–1 m). The
plants were grown in 3.9 L pots filled with coarse sand of “Negev
Industrial Minerals” Ltd. Israel in a greenhouse environment
where the controlled temperature was 19–28°C and natural light
conditions. The VPD in the greenhouse was monitored showing
repeatable behavior across different days. Irrigation with 2 L
water with added Shaphir nitrate Solutions fertilization (4:2:6)
of “Deshen Gat Ltd.” per pot (to ensure saturation and healthy

FIGURE 4 | Experimentally obtained measurements of tobacco plant stem using the four-point in-vivo impedance spectroscopy setup. The data was acquired
continuously across time, sampled every 20 min. The 3D representation shows the obtained impedance magnitude (top) and phase (bottom) across the measured
frequency range of 50 Hz–4 MHz and across time. The variability in values can be seen to fluctuate slightly within the day, and repeat across time.
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FIGURE 5 | An example of the experimental impedance spectra curve data across frequency. It is shown in a Bode plot. The example shows a single impedance
measurement curve and its fitting to the suggested theoretical model.

FIGURE 6 | Complex plane plot of a representative impedance measurement and its model fitting.
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plant growth). It was done daily during the night hours (9PM).
The greenhouse was located in Tel Aviv, Israel.

Measurement Results
Impedance spectroscopy experiments were carried out, and an
example of the results is depicted on a 3D plots showing the
impedance magnitude and phase with respect to frequency and
time across five consecutive days (see Figure 4). A decrease in
magnitude as frequency increased up to 1 MHzwas observed, and
phase angle values fluctuated between 0 and (−40) degrees. Data
were collected across multiple specimens.

Fitting Analysis and Discussion
Once the experimental results were obtained, the proposed
lumped element model was simulated and fitted. All
experiments collected data were simulated and fitted, to the
best accuracy. An evaluation of the accuracy of the model
across the frequency range was performed. The impedance
spectra were fitted to the lumped element model using a
standard least square fitting algorithm based on the impedance
magnitude spectra. Figure 5 shows the fitting of the proposed
model to a representative experimentally obtained impedance
spectrum (whilst Figure 6 depicts the same results in the complex
plane).

The fitting algorithm was derived from the mathematical
representation of each component in the lumped element
model presented. Based on the proposed physiological model

four branches were set as default for the fitting. It was run using
Matlab® curve fitting toolbox. The measurement data was
imported and organized in the program and then run in an
iterative manner using a fitting algorithm that considers least-
squares fitting. The fitting provides an estimate for each of the
model coefficients, and can be presented parametrically. Initial
values, and lower and upper bounds were used based on
measured values of the impedance and expected model
behavior according to the literature (Zhang and Willison,
1991) allowing model parameters to converge across
measurements and frequencies. Thus the fitting algorithm
yielded a good fit for all experimentally obtained sets of
impedance spectra, with a mean relative fitting error of
approximately 1.06 ± 0.12%. This error is well within the
limits of experimental error, as well as the error limits of the
instruments used. Figure 7 shows the time series examining this
error across the different days measured, showing minimal error
deviations among the various times.

The exponent alpha for all CPEs is set to 0.5, yielding this
high accuracy fit. While as anticipated, this represents a
collection of diffusion dominated processes occurring in the
plant [similar to the known Warburg coefficient used in
electrochemical system behavior modeling (Bard and
Faulkner, 1980; Macdonald, 1991; Barbero and Lelidis,
2017)]. Due to these considerations it was assumed that for
the presented first order model, taking alpha to be 0.5, is a fair
assumption.

FIGURE 7 | The error obtained in the fitted model shown across time. Each point in the graph represents the error in fitting for each of the impedance
measurements conducted in time.
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Next, parametric analysis of the four branches of the proposed
model was undertaken. Each branch is examined across
frequency (as shown in Figure 8). The branches are then
matched to the proposed model presented earlier in Figure 3
(using the same color mapping).

Examination of each branch shows good correlation to the
suggested lumped element model. Firstly, the resistive path R
(marked in red), is attributed to the more resistive composites
of the plant tissue material (such as ground tissue like the pith or
cortex), showing resistive behavior across the frequencies. The
magnitude changes slightly, and the phase angle is around 0°.
Next, the conduction path where both ends are in direct contact
with the electrodes (marked in green), shows lowest impedance
magnitude at the lower frequencies, while showing small
dependence on frequency within the measured range as expected.

The one-sided contact shows relatively high impedance at
low frequencies, which can be attributed to capacitive-like
behavior, resulting from the areas not in direct contact with
the electrode at lower frequencies. As the frequency increases
a significant decrease is visible. Finally, inspecting the
behavior of the channels with no direct contact (marked
in yellow), at low frequencies it shows the highest impedance
magnitude, while the phase is around 90°, resembling perfect
capacitive behavior. Once the frequency reaches
approximately 10 kHz, a decrease in the impedance
magnitude and change in the phase values is visible. This
indicates that around 10 kHz, these coupled vessels start to
contribute to conduction. These results support the proposed
model presented for each of the different conducting

branches. Therefore, based on the results obtained and the
fitting accuracy of the proposed model at less than 1.5%
error, it can be concluded that the proposed simplified CPE-
based model can describe the electrical behavior of a living
plant stem with adequate accuracy.

DISCUSSION

A theoretical modeling approach for the plant stem has been
suggested for future sensors design. In-vivo electrical
impedance spectroscopy on a living plant stem has been
completed, and an equivalent circuit model of the stem has
been derived. The model has been validated using the obtained
in-vivo results, which were fitted to the model showing an
impressively low error of approximately 1% throughout the
investigated spectrum (50 Hz–4 MHz). The proposed
equivalent circuit model was based on the four connection
possibilities of the electrodes in the plant stem and the plant
stem physiology. An analytical approach was initially
presented, and the complicated RC-based initial multi-
element model was simplified to a CPE-based model that
fits the assumptions presented to represent the plant stem
anatomical structure. The proposed equivalent circuit
components can have a physical meaning. Therefore, it is
suggested that their values can be used to evaluate the
changes in plant physiological status and response, in a
non-destructive and in-vivo manner. The model generates
data about each parameter. The study of each parameter

FIGURE 8 | A parametric representation of the branches suggested in the model extracted from the experimental results. Each branch is represented by a single
curve (color), as in the model (depicted in Figure 3). The parametric dependence of each of the model branches is shown across frequency.
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will allow to link each to a different effects on the plant
providing a better understanding of the plant status, and its
conditions. The ability to parametrically address the data, and
segregate plant response will allow for improved engineering
of a system in future.

The theoretical model was derived under assumptions for a
dicot plant. Although these are reasonable for various dicot plants,
experimental validation was carried out solely across tobacco
plants. Due to the similar anatomical structure in the plant
world of dicot plants, the qualitative behavior can be expected
across different species. However, in order to extend the model for
further plant types, including various dicot plants and monocot
plants, further studies are required. In the literature, although
electronic equivalent circuits have been suggested for plant
measurements, a link between the suggested model and the
actual plant anatomical structure has not been offered (Zhang
and Willison, 1991; Zhao et al., 2013; Jócsák et al., 2019). Here we
have provided a theoretical approach to the modeling derived from
the plant anatomy, and shown that experimentally it can be
validated with high accuracy. This shows that the theoretical
assumptions are reasonable. Such an approach has not been
found in the literature.

The proposed model is expected to be used as a method for
plant monitoring in real-time as well as allow for improved design
of electrical impedance spectroscopy systems for field testing. It
may be used as a simple tool for incorporating electronic
monitoring systems directly on plants in the field, allowing for
better system design and implementation.

Future studies will focus on understanding the relationships
between plant physiological status factors and the different values
of the proposed model components. Note that the current model
was devised for galvanic coupled between the source and sense
electrodes to the stem, however, it can be extended to pure
capacitively coupled configuration.
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