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A B S T R A C T

Meteorological knowledge of a given locality is one of the necessary conditions to understand the climate evo-
lution of a zone. It results in a better understanding and prediction of the environmental impact due to current
climate change in the world. The sensors used to take these physical measurements are, for the most part,
categorized as electronic or mechanical devices. Paradoxically, the new generations of sensors result in increased
pollution because of the synthetic material used in their manufacturing process. In addition, the design of these
measuring devices is complex and results in high costs. One of the solutions to the problem would be to replace
these measurement sensors with biosensors that are more environmentally friendly, cheap and very simple to
develop. Plants could play a role in these biosensors. Indeed, studies carried out on plants show that they have a
great capacity to interact with their environment. They are living beings, capable of reacting to the meteorological
conditions to which they are exposed. This reaction to the variation in the weather conditions of the surrounding
environment is automatically translated into the appearance of a variable electrical signal created by the plant.
The electrical phenomena produced by biological plants could be easily measured, and signals could be exploited
as a characteristic of the meteorological state of the surrounding environment. Biological plants are therefore
potential replacements for existing conventional sensors. The study presented in this work summarizes, in a single
table, the research conducted to date into the various electrical and analytical models of the activity of a biological
plant. All existing experiments in the laboratory and in situ are also reviewed. A SWOT analysis (strengths,
weaknesses, opportunities, threats) of these experiments has been carried out to better perceive any future op-
portunities to use the electrophysiological phenomena of the biological plant in metrology (i.e., how to transform
biological plants into biosensors).
1. Introduction

Meteorological knowledge of a given locality is one of the conditions
that are necessary to understand the climate evolution of an area. It al-
lows us to better understand and predict the environmental impact of
).
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current global climate change. Meteorological stations are composed of
sensors that record and provide values of meteorological parameters
related to climate variations. Usually, data from these stations are known
to be used in climate prediction or in studies of human comfort inside a
building. These measurements are also indispensable in research, espe-
cially when it comes to studying renewable energy source production in
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Nomenclature

ϕ (Wb) Time variation of extracellular potentials and membrane
ρ (Ω:cm) Resistivity
τ (s) Constant time
C1 (μF) Capacitance of the Charged capacitor from the voltage

source
C2 (μF) Capacitance of the plant tissue
Cm, C (μF) Membrane capacitance
Ek (mV) Equilibrium potential of Kþ

Em(mV) Membrane potential
ECa(mV) Equilibrium potential of Ca2þ

ECl(mV) Equilibrium potential of Cl�

EPCa(mV) Equilibrium potential of Ca2þ - ATPases
EPH (mV) Equilibrium potential of Hþ

Esy (mV) Equilibrium potential of 2Hþ/Cl� symporter
gk (S:m�1) Electrical conductivity of Kþ

gL (S:m�1) Leak ion conductance
gCa (S:m�1) Electrical conductivity of Ca2þ

gCl (S:m�1) Electrical conductivity of Cl�

gPCa (S:m�1) Electrical conductivity of Ca2þ - ATPases
gPH (S:m�1) Electrical conductivity of Hþ

gsy(S:m�1) Electrical conductivity of 2Hþ/Cl� symporter
Ij (mA) Ionique current
Iext (mA) External stimulus current
Iion (mA) Ionique current
Istim (mA) External stimulus current
Rs (Ω) Internal resistance of the power source
U1 (V) Electrical potentials at C1 capacitors
U2 (V) Electrical potentials at C2 capacitors
UcðVÞ Capacitor voltage
UoðVÞ Initial Capacitor voltage
URðmVÞ Resistor R voltage
Vm(mV) Membrane potential
Vin(V) Intput voltage

A (-) Polynomial containing common set of poles for both the
system and noise model

B,F,C,D (-) Polynomial represent the numerator and denominator of
the system an noise model

E (mV) Voltage between the trunk electrode and the ground
electrode

e(t) (-) Error (zero mean white Gaussian noise)
fit (%) Percentage fit
g (S:m�1) Ion conductance
h (-) Degree of inactivation of the ion channel
I (mA) Memristor current
m (-) Degree of activation of the ion channel
M(q) (-) Memristor
q (C) Electric charge
r (μm) Distance from the cell
R (Ω) Resistance
U (V) Capacitor voltage
u(t) (-) Input signal
V (V) Output voltage
y(t) (-) Output signal

Acronyms
AP Action Potential.
DMM Digital Multimeter.
ECG Electrocardiogram.
ETP Electrotonic Potential.
FCCP Trifluo-romethoxyphenylhydrazone.
IBM International Business Machines Corporation.
NLARX Non-Linear Autoregressive with exogenous.
NLHW Non-Linear Hammerstein-Weiner.
PCI Peripheral Component Interconnection.
PCP Pentachlorophenol.
SWOT Strengths Weaknesses Opportunities Threats.
VP Variation Potential.
VS Variation peaks.
VT Voltage Transients.
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direct relation to the climatic conditions, for example. In these cases, the
physical variables commonly measured are the ambient temperature,
relative humidity, wind speed and direction, solar radiation, and the
precipitation around the environmental system being studied (i.e.,
microclimate). The sensors used to take these physical measurements are
mostly electronic or mechanical devices. Paradoxically, the new gener-
ations of sensors result in increasing pollution due to the synthetic ma-
terial used in their manufacturing process. One of the solutions proposed
by scientists has been to replace these measurement sensors with bio-
sensors. A biosensor is composed of a biological part and an electronic
part. The biological part detects information related to the variation of a
biological element such as an enzyme, a plant or animal cell, a DNA
fragment, or lipids. This information is then processed by the electronic
part. Biosensors are categorized according to their type of transducer,
which may be electrochemical, optical, piezoelectric or calorimetric
[1–3]. The scope of the application of biosensors is considered broad. The
first discoveries concerning biosensors were used in medical applications
to check the blood sugar level of diabetic patients, and the levels of
cholesterol, amino acids, urea, and alcohol in the human body. The
amperometric biosensor is the most frequently used biosensor in this
field. In the pharmaceutical industry biosensors are used, for example, to
quantify and analyze drugs [4,5]. Biosensors are also used in various
other fields, such as industry applications (agriculture, food) and the
environment. In the agricultural industry, biosensors are used to detect
traces of pesticides that are harmful to consumers [4,6–8]. In the food
2

industry, biosensors are used to quantify nutrient intake (carbohydrates,
acids) and alcohol levels, and to detect bacteria, viruses, and microbes
[9–11]. For example, biosensors are used in the detection of pathogenic
organisms in meat and eggs. In the environmental sector, some bio-
sensors designed for environmental monitoring can detect various pol-
lutants in river water and the concentration of heavy ions in nature [12].
They are also used in the security, defense, and military sectors to alert
bioterrorist attacks or genetic disorders and criminals [13,14]. However,
the manufacturing process of a biosensor requires the extraction of plant
or animal tissue, an expensive and complex process, compounded by the
equally expensive and complex design of this measuring device. One of
the solutions to this problem would be to replace them with more envi-
ronmentally friendly biosensors that are cheap and very simple to
develop. Plants could accomplish this role. Indeed, studies conducted on
plants show that they have a great capacity to interact with their envi-
ronment. Plants produce various types of intracellular and intercellular
electrical signals in the form of electric potential in response to changes
in the state of their environment [15–20]. The easily measured signals of
plants could be exploited as a characteristic of the meteorological state of
the surrounding environment. Plants are therefore potential re-
placements for existing conventional sensors. They, therefore, respond to
abiotic stresses which are physical variations of the Earth such as climatic
variations. For example, they can react to drought, temperature, radia-
tion, as well as any other environmental stimuli encounted such as at-
mospheric pollutants. Electrical activities in plants are also caused by



Table 1
Summary of existing models

Name Model Input
variables

Output
variables

Parameters Ref.

Hodgkin-Huxley model
Iext ¼ Cm

dVm

dt
þ Iion

with
Iion ¼ gNam

3hðVm � ENaÞþ gKn
4ðVm � EK Þþ gLðVm � ELÞ

Iion Iext Cm

Vm , t, m, h, g, gL
[34,47]

Modified dHodgkin-Huxley
Model (Action Potential
Generation Model)

Iext ¼ Cm
dVm

dt
þ Iion

Modified equation with the Cl� and Ca2þ

ICl� ¼ gCl� ðVm � ECl� Þ

Iion Iext Cm , Vm , t, m, h, g [33,40]

Zhao Model
Istim ¼ Cm

dVm

dt
þ P

Ij

with

ϕ α Im α
dVm

dt
and

ϕ ¼ ρ
4π

X
n

Iiðt � τiÞ
ri

Ij Istim Cm , Vm , t, ϕ, ρ, τ, r [36]

Biologically Enclosed Electric UcðtÞ ¼ U0exp� t
τ

with
τ ¼ RC

Uo Uc τ,C, R [48,51]

Theoretical tree energy source
model

E � R
Rs þ R

¼ UR
External
Stimulus

E R, Rs , UR [58]

Model of Leon Chua
VðtÞ ¼ MðqðtÞÞ � IðtÞ with MðqÞ ¼ dϕ

dq
and I ¼ dq

dt
External
Stimulus

M(q), V q, ϕ [64–66]

Model of activities of the
Mimosa pudica leaves

Discharge of the capacitorlog10UðtÞ ¼ log10U0 � t=2:3τ with τ ¼ RC

C1
dU1

dt
¼ �1

R 1ðU1 �U2Þ C2
dU2

dt
¼ � 1

R1
U1 �

�
1
R1

þ 1
R2

�
U2

U0 UðtÞ U, U0 , t, τ, C1, C2 [49–51]

Model of propagation of the
action potential along the
Aloe Vera leaf

Differentiator VðtÞ ¼ RC
d
dt

ðVinðÞt � VðtÞÞ Vin V V, Vin, R, C [29]

Dynamic Chtterjee model A linear system modeling using variants of LSE
- Auto Regressive eXogenous (ARX) estimator
Aðq�1ÞyðtÞ ¼ Bðq�1ÞuðtÞþ eðtÞ
- Auto Regressive Moving Average eXogenous (ARMAX) estimator
Aðq�1ÞyðtÞ ¼ Bðq�1ÞuðtÞþ Cðq�1ÞeðtÞ
- Box-Jenkins (BJ) estimator

yðtÞ ¼ Bðq�1Þ
Fðq�1ÞuðtÞþ

Cðq�1Þ
Dðq�1ÞeðtÞ

- Output-Error (OE) estimator

yðtÞ ¼ Bðq�1Þ
Fðq�1ÞuðtÞþ eðtÞ

Estimation of non linear models
- Nonlinear ARX (NLARX) estimator
yðtÞ þ a1yðt � 1Þþ a2yðt � 2Þþ anyðt � nÞ ¼ b1uðtÞþ b2uðt � 1Þþ b�
muðt � mÞþ eðtÞ
- Nonlinear Hammerstein-Wiener estimator

ypðtÞ ¼ h
�
Bðq�1Þ
Fðq�1Þ ðf ðuðtÞÞÞ

�

andfit ¼
�
1 � jjy � by jj

y � y

�
� 100%

uðtÞ yðtÞ uðtÞ, yðtÞ, eðtÞ, fB;F;
CDg, fAg, fit

[46]

Sukhov and Vodeniev model Em ¼ gKEK þ gClECl þ gCaECa þ gPHEPH þ gPCaEPCa þ gSyESy
gK þ gCl þ gCa þ gPH þ gPCa þ gSy

External
Stimulus

Em Ek, ECl , ECa, EPH , EPCa,
Esy , gk, gCl, gCa, gPH , gPCa,
gsy ,

[40–43]
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biotic stress, which is induced by the effects of other living organisms.
Indeed, many studies show that the plant has a complex defense mech-
anism in the form of signals about diseases, injuries caused by herbivores,
and pathogenic microbes [21,22]. For example, leaf larvae that induce
action potentials in potatoes (Leptinortsa decemlineata (Say); Coleop-
tera; Chrysomelidae) [23] and insect bites that cause a slow wave for-
mation that displaces the leaves of an Arabidopsis [24]. In this review, it
will be shown that plant signals could be exploited as a characteristic of
the meteorological state of the surrounding environment. Plants are
therefore potential replacements for existing conventional sensors.

2. Modeling: electrical signals in plants

Electrical signals in plants were recognized 200 years ago. Although
the existence of these signals has been disputed, studies have been
3

published on electrochemical and electrical signals in plants. The study of
these signals in plants was initiated by the medical physiologist Sir John
Burdon-Sanderson in approximately 1873. He conducted experiments on
the leaves of Dionea muscipula Ellis. This experimentation allowed him to
discover the action potential, which is an electrical signal. The closing of
the Dionea muscipula Ellis hatch inspired much research on the action
potential of plants. An action potential is a low amplitude electrical im-
pulse caused by stimulation that does not destroy the plant. These ex-
citements can be electrical stimulation, temperature variation, light
variation, and chemical agents. The action potential manifests itself at
the level of a cell with a change in the membrane potential. It propagates
automatically in the plant through the phloem with a given speed at a
constant amplitude. Propagation is linked to the living tissues of the
plant, particularly through calcium ion channels. Thus, it is considered a
long-distance electrical signal [25,26].



Fig. 1. The equivalent Hodgkin-Huxley (HH) circuit for an axon (a) and the
modified HH circuit for phloem screening tubes (b) [47].

Fig. 2. Electronic circuit equivalent of PSII and PSI photosystems [47].

M. Volana Randriamandimbisoa et al. Sensors International 1 (2020) 100053
Following the discovery of the action potential, the term potential for
variation was introduced by Houwinck in 1935. The variation potential is
an electrical signal of an undetermined form. The shape of the signal
depends on the nature of the stimulation and the plant. The variation
potential is caused by injury or burning. It propagates at a low speed
through the xylem with a variable amplitude of approximately 10mV.
Like the action potential, the variation potential is considered to be a
long-distance signal [26]. The electrotonic potential is also an electric
potential found in small neurons. It propagates over a short distance with
an amplitude that is related to that of the stimulus, and decreases. This
electrical potential is often noticed during electrostimulation experi-
ments. These experiments have been carried out on several plant species,
such as Dionaea muscipula Ellis, Aloe Vera, Mimosa pudica, and the fruit
of an apple tree [27–30]. For example, electrotonic potentials are noticed
during electrostimulation by a square pulse of the upper or lower leaves
of the Venus flytrap. The speed and distance of propagation are described
in Ref. [27].

Thus, mechanically sensitive biological plants that are considered to
posses reflexes similar to those of an animal's nervous reflex have been
the most studied. Insect trapping carnivorous plants and Mimosa pudica
belong to this category. The results of studies conducted on these plants
have made it possible to distinguish their different electrical activities,
including their action potential (AP), variation potential (VP), voltage
transients (VT) or voltage peaks (VS) and electrotonic potential (ETP)
[19,20,26,27,31]. In this section, the analytical and electrical modeling
4

of the electrical activities of plants will be detailed. The analytical models
are mainly concerned with the generation of electrical potentials at the
cell level. However, the electrical models are concerned with both
microscopic and macroscopic equivalent circuits.
2.1. Analytical modeling

Several modeling approaches have been adopted to develop models
of the electrical responses in plants. The first mathematical model was
proposed by Beilby and Coster. They adapted the Hodgkin-Huxley model
of squid cells. They proved that the model can be used to simulate the
electrical activity of a plant. The model has been applied to Chara algae
experiments, but it does not take into account all the properties of the
plants since the other parameters used in this model are specific to those
of animals, such as the activity of the Naþ channel [32–35].

The activities of channels Ca2þ and Cl� as well as a reducing form of
the dynamics of the particles suspended in these channels included in the
model for generating potential actions are described in Table 1.

Despite the limitations of Beilby and Coster's results, other re-
searchers have used them to simulate the electrical signals of higher
plants. Zhao developed an experimental model that described a multi-
cellular system in which each plant cell represented a potential source of
electric current [36].

Gradmann and his collaborators have also conducted several types of
research on the electrical activities of plants. They began with a specific
study on the green alga Acetabularia [15]. Then they continued their
work on the study of electrical oscillations in higher plants by describing
the incoming and outgoing channels Cl�, Kþ, Hþ - ATPase, and 2Hþ/Cl�

symporter. Their work also describes the changes in ion concentrations in
the cytoplasm and apoplast and their buffering capacity.

However, Gradmann's studies have limitations because they do not
consider the simulation of electrical signals caused by stimuli and do not
take into account certain plant-related systems [37–39].

The results of these studies were then taken up by other researchers
such as Sukhov, Vodeniev and Sherstneva. They provided new elements
in the modeling of the potential for variation [40–43]. These elements
describe the regulation of Hþ -ATpase and Cl� channel activities by Ca2þ

, Ca2þ and Ca2þ -ATpase channels. They also characterize the anti-carrier
Kþ/Hþ, which participates in the establishment of the stationary con-
centrations Kþ and Hþ.

In comparison, Hills’ studies describes stoma activity (opening and
closing) and the generation of intracellular signals [34,44]. Existing
analytical methods are also exploited to test hypotheses about electrical



Fig. 3. Experimental setup for measuring electrical signals in green plants [68].
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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signals in plants. For example, a study on the classification of electrical
signals was carried out by Chen and colleagues [45]. Chatterjee adopted
the method with the nonlinear Hammerstein-Wiener estimator (NLHW)
and nonlinear autoregressive exogenous models (NLARX) to describe
light-induced electrical responses in plant leaves in 2014. The study
aimed to predict plant responses to different light stimuli [46].

2.2. Electrical analogy

To date, all studies have shown that the electrical activity of biolog-
ical plants is due to excitation at the cellular level. The action potential
then propagates through their membranes. Researchers have therefore
described this activity at the biological plant cell level using equivalent
electrical circuits. A great deal of research has led to results that are
relevant to the studied subject. In 1952, Hodgkin and Huxley modeled
the squid membrane. The model was formulated in terms of the leakage
channels of Kþ, Naþ ions, and ions in the giant axons of squid (1).

The resting potential of the membrane for each ion is considered to be
a battery. The degree of opening of the ion channel is replaced by a
variable resistance (Fig. 1 a). In 1993, Fromm and Spanswick deduced
after experimentation that Ca2þ, Kþ, and Cl� ions also played a role in the
propagation of action potentials in phloem (Fig. 1,b and [47]).

Researchers have also discovered that photosynthesis induces elec-
trical activities in biological plants. Variations in daylight create elec-
trical potentials in a plant. Two photosystems come into play during
photosynthesis [47]. These two photosystems are represented by the
equivalent electrical schematic in Fig. 2).

Other circuits of the electrical behavior of plants have been developed
according to their specificities. Models were developed through experi-
ments in which plants were stimulated. As an example, we found the
equivalent electrical circuits of the Dionaea muscipula trap (Venus flytrap)
[48], circuits describing the activities of the Mimosa pudica leaves
[49–51] and the circuit describing the propagation of the action potential
along the Aloe Vera leaf [29].

In general, standard electrical circuits consist of a resistor, a capacitor,
and an inductor. In the early 1980s, the concept of a fourth basic element
of the electrical circuit was discovered by Leon Chua.

This fourth basic element is the memory resistor or memristor in
plants. The memristor, or memory resistor, is a two-terminal nonlinear
passive electrical element that connects magnetic flux and electrical
charge [28,52,53]. Memorization faculties were noted in Mimosa pudica,
Venus Flytraps, aloe vera, apple fruit, potato tubers, and pumpkin seeds
[28,29,52–56]. There are several theories about memory in plants.
Another aspect concerns the capacity of plants to store information. In
the latter case, the response to the stimulus is delayed [53]. This storage
memory capacity is found in the Venus Flytrap, which accumulates small
charges below the threshold. When the threshold value is reached, the
plant trap closes.

Many types of research confirm that a tree is the equivalent of an
electrical network [57–63]. The model representing the macroscopic
activity of a tree is equivalent to a voltage generator and a resistance in
series [58].

Table 1 Summarizes the different patterns of electrical activity in
plants.

3. Experimentation: methods for measuring and recording
electrical potentials in a plant

There are two different methods for measuring the electrical potential
of a plant: extracellular and intracellular recording [31]. The first tech-
nique used to measure the electrical signal in a plant involves the use of
surface electrodes. This is an extracellular method of detecting the signal
on the surface of the plant. This technique is often used to determine the
electrical potential between the trunk of a tree and the soil where the
electrodes are placed [67]. It is also possible to deduce the electrical
potentials of cells with this method by having the injury potential as a
5

reference. In this case, the signal obtained is unreliable because it is
exposed to interference that appears at the contact surface. With mem-
brane theory and the discovery of microelectrodes, intracellular mea-
surements can be implemented. Intracellular measurements are carried
out using glass microelectrodes. With this method, the membrane po-
tentials of the cells and the electrical signals can be specifically derived. A
microelectrode is an electrode with a tip that is fine enough to be inserted
into a cell. This technique was first used in the large cells of charophyte
algae. However, inserting the tip of the microelectrode damaged other
plants. Thus, with the evolution of technology and design improvements,
the technique has become reliable [26]. The choice of an electrode type
and location depends on the expected results. Electrodes can be placed in
the root, stem, trunk, leaves, or soil depending on the parameters that are
measured. The materials used for their design are also related to the
intended purpose. For years, many experiments on plants have used the
electrode method to study and analyze their electrical behavior [15,17,
18,20,27–29,52,55,68–73]. These experiments can be carried out either
in the laboratory or in situ. In this section, both types of experimentation
will be detailed with examples. Laboratory experiments involve the
artificial stimulation of small plants such as mimosa, soybeans, Aloe vera,
and others. In situ tests are carried out on large plants such as poplars,
oaks and fruit trees.
3.1. Artificial experiments

Since the discovery of electrical signals in plants, many experiments
have been conducted on this subject. Using various measurement tech-
niques, hypotheses about the source, cause, mode of propagation, char-
acteristics, and roles of electrical signals have been established and
tested. The rapid development of digital technology facilitates the anal-
ysis and processing of recorded signals. In general, the artificial experi-
mental device consists of a plant, electrodes, and a data acquisition
system. The plant is placed in a Faraday cage (metal enclosure) to be
isolated from surrounding noise and electric fields. The experiment is
carried out at a constant temperature. All the experimental devices are
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placed on a table stabilized against vibration [27–29,52,55,68,69,72].
Initially, in order to obtain an initial state with a stable electrical po-
tential, the plant is left to rest for a certain time before being stimulated.
These stimulations can be electrical stimulation [29,69] or chemical
stimulation [71], irradiation [68], charge injection [70,72], or periodic
wave electrostimulation [28,52,55].

In 2004, soybean plants were irradiated with lights ranging from
ultraviolet to infra-red in two directions, A and B (see Fig. 3). The
stimulation aimed to perceive the effect of long-distance signal propa-
gation. The experimental setup consisted of soybean seedlings approxi-
mately 3 weeks, Ag/AgCl electrodes, and an IBM microcomputer with a
KPCI-3107 data acquisition card. The sampling capacity of the data
acquisition system was 100 samples/s. After inserting the electrodes, a
rest period of 1–2 h was required. The plants were irradiated in two di-
rections A and B (see Fig. 3). The results showed that an action potential
was generated at wavelengths 450� 50, 670 nm and 730 nm. This
electrical potential depended on both the wavelength of the irradiation
and its direction. The hypothesis that the location of the electrodes could
affect the characteristics of the action potential was rejected. It was also
noted that the speed of transfer of the electrical signal between the cells
depended on many environmental factors and previous stresses to the
plant. This signal could propagate from the root to the stem or in the
opposite direction. Bioelectrochemical or electrophysiological signals
were detected in areas that were distant from the stimulated part [68].

In 2007, based on the same principle of experimentation by artificial
stimulation, the closure of the Venus flytrap plant trap was studied. The
Venus flytrap could capture mechanical movements. The experiment was
based on the charged capacitor method. The experimental device con-
sisted of the plant Dionaea muscipula (Venus flytrap) and Ag/AgCl elec-
trodes. The electrodes were connected to an NI-PCI-6115 data acquisition
system. The data logging system operated in real-time. Stimulation was
in the form of an electrical pulse with different voltage levels. The
amplitude and duration of this pulse were controlled by two optically
isolated electronic circuits. The experiments were repeated fifty times on
different Venus flytrap plants. The results showed that the electrical
stimulation of the Venus flytrap caused its trap to close. However, it did
not allow it to open. Furthermore, it was noticed that the time for closing
the trap was the same as with mechanical stimulation. The author
demonstrated by this study that alternative method to mechanical
stimulation existed for the analysis of rapid activities in plant cells [69].
The results of this experiment were confirmed by a similar study in 2008
[70]. Recently, another more in-depth study on the Venus flytrap has
been conducted to better understand the functioning of the lobe. The
hunting process of the Venus flytrap was highlighted as well as the very
high sensitivity of the mechanoreceptors. Electrical activities occurred
during the contact of prey with the mechanoreceptor. Thus, the agitation
of the prey led to the appearance of a succession of action potentials [74].

Another study was conducted on the Venus flytrap in 2013. Electrical
stimulation was performed using more modern devices. The electrical
stimulation was produced by an FG300 function generator (Yokagawa,
Japan). The data were recorded by Ag/AgCl electrodes. The whole setup
was interfaced with an NI-PXI-1042Q microcomputer. This experiment
gave a wider choice of the characteristics of the electrical signals injected
into the plant. The electrical stimulation was divided into two parts. First,
the plant was electrically stimulated at a low voltage. The lower and
upper leaves of the Venus flytrap were electrostimulated separately.
These actions made it possible to close the plant's Flytrap under different
conditions. Additionally, by stimulating the plant with a square signal,
electrotonic potentials were observed. Afterward, high voltage tests were
carried out. Electrotonic potentials were also observed when the voltage
exceeded a threshold value. In conclusion, the author suggested that
environmental changes might be studied by this method [27]. Also, in a
study focusing on how the plant feeds, it was found that most trap clo-
sures are caused by wind and rain and not always by a prey species [75].

In 2010, using the same method as the charged capacitor, the me-
chanical properties of Mimosa pudica were studied. Indeed, in response
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to various stimuli, the mimosa performed thigmotactic or seismonastic
movements. The determination of the source of this movement was
complex. However, thanks to specific experiments, three hypotheses
were proposed (see Ref. [72]). The electrostimulation experiment aimed
to use the charged capacitor method to analyze the electrical properties
of the plant. The value of the capacitor was 47 μF. The use of two types of
electrodes, Ag/AgCl and platinum, led to the same conclusion. Data
recording was carried out using an NI-PXI-4071 digital multimeter
(DMM) combined with a bus system based on the Peripheral Component
Interconnection (PCI) bus. High-performance digital cameras and re-
corders were used to observe the movements of the Mimosa pudica. The
purpose of the study was to create an electrical circuit equivalent to a
capacitor discharge in a plant. This circuit simplified the understanding
of electrical activities in the Mimosa pudica.

Other experiments were conducted following similar measurement
protocols. In these trials, the measuring devices included Platinum and
AG/AgCl electrodes and a data acquisition system. The common objec-
tive was to demonstrate the existence of a memory resistor in the studied
specimen. Plants were electrostimulated by sinusoidal or triangular
waves. To prove the existence of a memory resistor, a hysteresis loop
pinched in the voltage-current plane of the same frequency as the exci-
tation signal should appear. In 2008, the study focused on Irish potato
tubers (Solanum tuberosum L.). The trial was repeated 14 times [56].
Similarly, in 2016, the experiment was carried out on Golden Delicious
and Arkansas Black apples (Malus Domestica Borkh.). This time, the
experiment was repeated 20 times [28]. The results of these two exper-
iments affirmed that there is a resistance of memory in plants because a
phenomenon of hysteresis was observed. To test this hypothesis in seeds,
pumpkin seeds were analyzed in the same way. The principle of experi-
mentation remains the same i.e. by electrostimulation of the seed by a
periodic signal. After repeating the experiment 20 times, it was noted
that when the seeds are dry and dormant, the hysteresis phenomenon
does not appear. However, after soaking the seeds in water, when the
experiment was repeated the hysteresis phenomenon reappeared [52].

Most of the experiments revealed the existence of electrical potential.
Knowing that the electric potential could disperse in a plant, its mode of
propagation was analyzed in the case of Aloe vera. Ag/AgCl electrodes
were placed along an Aloe Vera leaf. Both intracellular and intercellular
electrodes were used in the tests. Additionally, for intercellular mea-
surements, three types of electrodes were used: platinum electrodes
inserted into the leaf; Ag/AgCl electrodes attached to the surface of the
leaf; and ECG electrodes placed on the surface of an Aloe vera leaf. Both
active (action potential) and passive (electrotonic potential) potentials
were detected. It has been shown that the location of the electrodes
affected the characteristics of the electrotonic potential. The results ob-
tained could be used to advance studies on the electrical activities of
plants [29].

Although mechanical and electrical stimulation has been identified as
a source of electrical activity in a plant, plants also react to chemical
stimulants. In a study of the plant's reaction to alamethicin, a new form of
electrical potential was observed. This electrical potential, called a
“system potential”, was a long-distance signal that moved systemically
from leaf to leaf. The test was carried out on dicotyledonous lima beans
(Phaseolus lunatus L.) and monocotyledonous barley (Hordeum vulgare
L.). A new measurement protocol was adopted as microelectrodes were
placed in the stomatal cavities. A decrease in the potential difference of
40mV at 5 cm and 45mV at 25 cm was detected on beans and barley
leaves, respectively. The theoretical speed of the signal propagation was
2.5 cmmin�1. The objective of experimentally proving that alamethicin
induced electrical potentials had been achieved. However, the explana-
tion of the mechanism of signal creation and transfer remains complex
[71].

In the same context of chemical stimulation, the reaction of soybean
plants to two different chemical solutions was tested. These chemical
solutions were pentachlorophenol (PCP) [21] and carbonyl cyanide 4 -
trifluoromethoxyphenylhydrazone (FCCP) [76]. The experimental



Fig. 4. In situ experimentation on an oak tree (Quercus cerris) [67].
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device was based on Ag/AgCl electrodes and a data acquisition system
with an IBM microcomputer with various characteristics (see Refs. [21,
76]). The test protocol consisted of pouring the solutions into the soil. In
both trials, the results showed that both chemical stimulants induced
ultrafast action potentials of 30m:s�1 to 40m:s�1. Additionally, it was
noted that the potential for variation decreased in the soybean plant.
These experiments could be exploited to further study the signal propa-
gation and the effect of environmental stimuli in the plant.
Fig. 5. In situ experiment on a poplar tree (Populus nigra) [59].
3.2. In situ experiments

Experiments requiring extracellular measurements are most often
carried out on woody plants [59,61–63,67]. It is not possible to carry out
laboratory tests on trees. Therefore, experiments are carried out in situ.
On the one hand, intracellular measurements allow the electrical signal
of the plant to be characterized. On the other hand, in situ experiments
allow the identification of the environmental impact on the plant through
the recorded signals.

In 2000, eight electrodes were implanted in the trunk of an oak tree
(Quercus cerris). The objective of this experiment was to study the daily
and annual variation of the electrical signal between each electrode and a
reference on the ground. Of the eight electrodes, four were placed on the
south, west, north and east sides at a height of 6 m. The other four were
inserted in the same way at a height of 4 m (Fig. 4). The mean values of
the voltages in 1min were recorded with a sampling interval of 1 s. The
values selected for analysis were those collected outside periods of rain
and abnormal electric fields. This was because the signals were not
detectable during environmental disturbances. The shape of the signals
was then almost sinusoidal during the day, and the different electrode
channels had different voltage values. During the year, two voltage peaks
were recorded. Thus, these peak values were considered to be related to
the flow of sap from the tree [67].

In 2006, an experiment in Brittany aimed to observe the spatial and
temporal variation of the electrical signal of poplars (Populus nigra). The
electrodes were inserted in the roots, on two circumferences and a ver-
tical profile of the tree (Fig. 5). Electrical potential measurements were
made with a sampling interval of 1 min. Simultaneously, the values of the
wind speed and direction, atmospheric pressure, temperature, humidity,
and precipitation in the vicinity of the tree were recorded every 15min.
Additionally, the internal temperature and humidity of the tree were
measured to identify any sensitivity of the electronic devices to envi-
ronmental conditions. The tests were carried out without taking into
account the temperature present on the electrodes. By applying the heat
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flow method, the results obtained confirmed the relationship of sap flow
with the variation in the measured electrical signal, similar to the study
in Ref. [67]. However, the author noted that the variation in the signal
depended not only on this parameter but also on variables affecting the
tree such as the xylem. He suggested that increasing the number of
distributed electrodes would be another step toward obtaining other
results [59].

Mou€el and his collaborators continued the previous studies per-
formed byMurten in 1984, Koppan in 2000, and Gibert in 2006 on poplar
tree (Populus nigra). They used the same measurement protocols by
placing the electrode at different heights. Within a few minutes, 120
signals of the same shape were recorded on the electrodes. Oscillations
with the same characteristics as the signals from the electrodes were also
observed for 10min. Their amplitudes increased as a function of the
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electrode height. The maximum value observed was 50mV, corre-
sponding to a current on the order of milliamperes. These results added
another explanation to the origin of the electric potential variations along
the tree trunk. The author concluded that this variation was due to the
electric field in the atmosphere during thunderstorms [63].

Electrode measurements between the trunk of a tree and the ground
prove that an electrical signal exist. Several previous experiments have
highlighted the variation in this signal on a daily and annual basis. Based
on the hypothesis that the electrical phenomenon in the tree can be
exploited as a source of electrical energy, some parameters related to this
source have been studied in detail.

The internal resistance of plants was one of the most important pa-
rameters. In in situ experiments from April 2014 to April 2015, the
feeding model was used to study the internal resistance of a poplar tree in
China. Two electrodes were used to measure the voltage between the
trunk of the poplar tree and the ground. The objective of the study was to
establish a reference for the applied research. A load resistor of 10 kΩwas
connected between the two electrodes (one electrode placed on the trunk
and another one inserted on the ground). An acquisition device allowed
measurement with or without a load. The data were automatically read
every hour with an accuracy of 5 s. The value of the internal resistance
obtained varied between 1 kΩ and 5 kΩ. This value varied according to
the season. It was high in winter and decreased in other seasons when it
was warmer. Determining the value and the variation of the internal
resistance of the tree would allow the use of a possible alternative source
to be optimized [58] (see Table 1).

At the same time, from November 2014 to June 2017, experiments on
seven different types of trees were carried out. The species and diameter
of each tree were different. The objective of this study was to identify the
effects of electrode characteristics on the measured signal. The size of the
electrode could affect the voltage coming from the power source. Six
electrodes were placed on each tree. A logarithmic relationship between
the surface of the ground electrode and the electrical potential was noted.
In conclusion, a 10 cm� 10 cm x 0.3 cm electrode was considered
optimal for a tree-based power source [62].

4. Meteorological biosensor perspectives

4.1. Mechanical stimulation

The mechanosensation of plants was the first phenomenon that led to
the study of electrical signals. Plants have mechanically sensitive chan-
nels. Two types of mechanosensitive channels have been distinguished in
plants by the patch-clamp technique [77]. If a mechanical force is applied
to a cell membrane, these channels translate this phenomenon into
electrical or biochemical signals. These channels ensure the plant's sur-
vival by regulating its development and monitoring its environmental
impacts. Mechanosensation can be present in all plants, but it is most
evident in plants such as the Venus flytrap (Dionaea muscipula) and
Mimosa pudica [27,51,69,70,72,78–81]. The Venus flytrap is a carniv-
orous plant. Several studies have been conducted on the closure of the
trap of this plant. Volkov demonstrated in an experiment that the closing
time of the Venus trap by the electrical stimulation of motor cells was
equal to that induced by mechanical stimulation. This hypothesis was
verified during electrostimulation between a median rib and a lobe that
activated its motor cells. The results of the experiment showed that the
closing time of the Venus flytrap door was 0.3 s and the action potential
lasted approximately 1.5ms [69]. After experimenting with the injection
of electric charges on the same plant, Markin confirmed these results
[70]. In the case of Mimosa pudica, its leaves close under mechanical
pressure, and its petioles hang down in response to wind. It is a plant that
is sensitive to vibration, electrical stimulation, and touch. It uses this
ability as a defense mechanism to protect itself from animals and insects
[80]. Apart from studies on electrical signaling, the elastic properties of
Mimosa Pudica Main Pulvinus are studied by designing tactile sensors
[51,81].
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4.2. Daylight stimulation

Sensitivity to light is observed in plants [26,68,82]. Volkov suggests
that the interpretation of electrical signals generated during photosyn-
thesis can contribute to the improvement of agriculture [83]. Plants react
to natural light using specific photoreceptors: phototropin, crypto-
chromes, and phytochromes [84–86]. Phototropin is a flavoprotein
photoreceptor. It reacts to blue light (360–500 nm), which induces
phototropism. Phototropism represents the plant's ability to bend toward
light. The plant's phototropic response goes through several stages. Once
stimulated, the phloem, which is the distribution beam of the elaborated
sap, also propagates electrical impulses. Thus, a constant voltage action
potential affects the membranes at rest. The cryptochromes of flavopro-
tein photoreceptors are responsible for the phenomena that modify the
shape and color of plants induced by light. They also perceive blue light
and ultraviolet light (315–400 nm). The phytochrome is a photoreceptor
that regulates the development of the plant. It can react to red light
(650–730 nm). In 2004, an experiment was carried out to observe the
electrophysiological responses induced by blue and red light-sensitive
systems in soybean plants. The wavelengths of 400–500 nm and
650–730 nm induce action potentials that last approximately 0.3ms. The
plant does not react to irradiation at wavelengths between 500 nm and
630 nm [68]. Another study showed the impact of light spectra on plant
physiology. In this experiment involving greenhouse production, it was
shown that changing the intensity and wavelength of light had an impact
on the metabolism of a plant. Different types of artificial light were
tested, and the responses of the plants were recorded [87]. In the
development of a predictive model on Laurus nobilis, the characteristics
of the stimulating light could be determined through the electrical re-
sponses of plants [46]. All these experiments using light stimulation
allow us to affirm that electrical activities are perceived at different
wavelengths at approximately 300 nm–750 nm. As a result, we can
deduce that it is possible to find a relationship between the electrical
signal of a plant and the daylight levels'.

4.3. Stimulation related to air pollution

Plants have sensory receptors to detect environmental stimuli. These
can be electrochemical, optical, and mechanical transducers. Studies
have shown that plants react to ions in the atmosphere [34,88,89]. They
can detect air pollutants such as ozone [63]. Ozone (O3) is considered to
be one of the most important air pollutants. In this context, several
studies have alluded to the ability of plants to detect this type of pollutant
[90–96]. In 1995, Karlsson and their colleagues stated that clover could
be used as an ozone indicator [97]. In 2007, leaf lesions were observed on
the Paluma de Guajava plant. These lesions were induced by the exposure
of the plant to ozone. Since then, Paluma de Guajava has been considered
a potential bioindicator of phytotoxic O3 levels in the tropics [91].
Similarly, the results of experiments on black cherry (Prunus serotina)
[92], plants native to Switzerland [93], Egyptian plants (M. sativa) [94]
and plants native to the northeastern United States and southern Spain
[95] corroborate this hypothesis. In 2015, a wireless device network was
designed to detect ground-level ozone. This device used electrical signals
from plants to monitor environmental conditions. The objective was to
analyze the air quality using an algorithm that took into account the wind
speed and direction, temperature, humidity, precipitation, and solar ra-
diation. The device was designed to detect ozone in the atmosphere [73].
In 2019, a study was carried out in India on four types of plants in two
tropical forests. The objective of the study was to determine the ability of
the plants to survive in environmental conditions highly polluted with
heavy metals. The results made it possible to distinguish the impact of air
pollutants on the plant organism. Moreover, it was noticed that some
plants have a high tolerance to pollutants and could be exploited in the
reduction of pollution [98]. In Poland, a study based on the same prin-
ciple demonstrated the effects of air pollution on plants. The plants were
placed in a park, near a road and a factory [99].



Table 2
Summarizes the different experiences cited in this article as well as their
respective SWOT analyses.

Table 2: Summary of the
experiments and SWOT analysis

The experimental environment: In situ [67]
Plant: Quercus cerris
Stimulation: environment
Objectives: Identification of the annual variation in the

amplitude of the daily electrical variation of a
tree

Observation: Annual variation in the amplitude of the
electrical signal

STRENGTH The use of the convolution filter technique
allows useable average values to be obtained
The measurement results are consistent
The use of eight electrodes allows for more
precise measurements compared to other
experiments with two measuring electrodes

WEAKNESSES Inserting the electrodes into the trunk of the tree
requires the removal of bark from the area in
question.
The results are not directly useable (additional
studies are required)

OPPORTUNITIES The combination of the multielectrode technique
and a specific data selection method will provide
new information related to the behavior of
plants concerning the environment

THREATS Measured data are distorted during
environmental disturbances (Amplitude change
of the internal and external signal of the plant in
function of her characteristics.)
The trunk is nonhomogenous
Environmental microvariation is present on the
trunk

The experimental environment: In situ [59,63]
Plant Populus nigra
Stimulation Environment
Objectives Study of the spatial and temporal variations in

the electrical potential distribution of a tree
Observation Diurnal variation of the electrical potential

during different seasons
STRENGTHS The use of 26 electrodes and a long period results

in for accurate and reliable measurements.
The contact between the electrodes and the tree
is protected against weather.
The data acquisition system used is capable of
recording in real-time
The environmental constraints affecting the
measuring device are initially and rigorously
checked
The weather conditions around the tree are
measured by a weather station

WEAKNESSES The experiment is performed on a single tree
OPPORTUNITIES Possibility of assessing the effects of climate

change by estimating the sap flow through the
interpretation of the behavior of the tree's
electrical signal

THREATS The flow of sap determines factors in the tree's
physiology. However, its study is complex
because it depends on numerous parameters
The electrode array may be influenced by
temperature.
The grounding electrodes may be unstable.
There are transient signals whose amplitude
increases with the height of the electrodes, and it
is interesting to study the source of these signals

The experimental environment: In situ [58]
Plant Populus nigra
Stimulation Environment
Objectives Study of the characteristics of the internal

electronic resistance of a tree and establishment
of a reference

Observation Internal resistance
STRENGTHS Experimentation is long term

(continued on next page)
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4.4. Thermal stimulation

There are few specific studies concerning the electrical responses of
plants to temperature. Nevertheless, most experiments carried out on
plants take temperature into account. Therefore, it can be concluded that
temperature affects electrical signaling in a plant. In 2005, an experiment
on poplar shoots (Populustrichocarpa, Populus tremula 3P. tremuloides)
using thermal stimulation was carried out by Lautner and their col-
leagues. Several parts of the plant were stimulated by the flame of a
lighter for 3 s. These areas were then cooled with 4∘C ice water. Re-
sponses to the stimuli are noted by the depolarization and hyperpolar-
ization of the membrane potential [100]. This study proves that plants
respond to rapid temperature changes. In 2017, further work showed that
plants also react to slow temperature changes. By measuring the internal
resistance of a poplar for one year, it was noted that its value is high in
winter and lower during other seasons when it is hot [58].

5. SWOT (strengths, weaknesses, opportunities, threats) analysis

In this section, we will perform a SWOT analysis on some of the ex-
periments cited in this article. These experiments are chosen because
they summarize in situ and artificial plant stimulation trials. SWOT
analysis is a tool for internal and external diagnosis. This tool assists in
the evaluation of a given activity or system. Intensive strengths and
weaknesses as well as external opportunities and threats are evaluated to
set objectives or make a choice.

6. Conclusion

So far, it has been proven that plants produce electrical signals. These
signals are due to variations in their environment. Hypotheses have been
developed and tested on the origin and mode of the propagation of these
signals. Most of the models found that the electrical signals of the plant
show that they are created at the cell level. The very first studies on the
subject focused on mechanically sensitive plants such as Mimosa pudica
and the carnivorous Venus flytrap plant. Analytical models and equiva-
lent electrical circuits have been proposed to facilitate the understanding
of the plant's electrical activities. Some research has led to the conclusion
that the electrical signal in plants is due to sap flow. In situ experiments
confirm this hypothesis by demonstrating that the signal varies according
to the sap flow of the biological plant. However, other authors have
found that this is not the only factor involved. With the same objective,
researchers have conducted artificial experiments to determine the
relationship between the signal emitted by the plant and various stimuli.
These experiments were conducted in laboratories under specific con-
ditions. The plants were placed on an antivibration table surrounded by a
Faraday cage where the temperature was often kept constant. During
these artificial tests, mechanical, electrical, chemical, and thermal stim-
ulation were applied. The results of these experiments made it possible to
determine the existence of electrical potentials. They were observed in
the stem, root, and leaves depending on the stimulation and measure-
ment methods. Additionally, different types of electrical signals, such as
action potential, variation potential, system potential, and electrotonic
potential, could be identified. These electrical signals were recorded and
analyzed. There are several measurement methods, but they are always
based on the use of electrodes. The electrodes can either be inserted into
the cells (microelectrodes), placed on the surface (ECG electrodes), or
inserted directly into the plant. Several experiments have been conducted
on different types of plants, such as soybeans, Mimosa Pudica, poplar,
oak, algae, and fruit trees. The interpretation of the obtained data shows
that the electrical signals from plants can translate useful information
related to climate variation. Similarly, studies show that the plant reacts
to touch, mechanical pressure, various chemical agents, temperature, and
irradiation. The use of the plant's sensory capacities to make measure-
ments of climatic variables is certainly of interest. However, many pa-
rameters must be taken into account. By carrying out a SWOT analysis,
9



Table 2 (continued )

Table 2: Summary of the
experiments and SWOT analysis

The designed measuring device allows several
parameters to be recorded simultaneously
(voltages, temperature, and humidity)

WEAKNESSES The measurement of the internal resistance of
the tree is indirect. It is calculated according to
the value of two variable voltages. This variation
can lead to calculation errors

OPPORTUNITIES The consideration of the value of the internal
resistance of a tree will result in a higher supply
voltage

THREATS The resistance of a tree has several components,
and its value varies according to the
environment

The experimental environment: Artificial [68]
Plant Soybean
Stimulation Irradiation
Objectives Description of long-distance plant

communication
Observation Electrical potential
STRENGTHS The data acquisition system is a high

performance system
WEAKNESSES It is necessary to wait 1 h to 2 h to stabilize the

electrical potential of the plant due to the
insertion of the electrodes

OPPORTUNITIES Bioelectrochemical measurement methods are
exploitable in the study of signal propagation in
the plant
The use of the plant as a biosensor of red and
blue light is possible

THREATS The signal transfer mechanism at the cellular
level remains complex

The experimentation environment: Artificial [69]
Plant Dionaea muscipula Ellis (Venus flytrap)
Stimulation Electrostimulation
Objectives Study of electrical activities in the fly trap of the

carnivorous plant Venus
Observation Electrical potential, mechanical response
STRENGTHS A high-performance, real-time data acquisition

system has been developed, and the results are
validated with a second, equally high-
performance device.
The aliasing effect is eliminated due to high-
speed recording
The electronic control system for stimulation is
equipped with optical isolation

WEAKNESSES It is necessary to wait to stabilize the electrical
potential of the plant due to the insertion of the
electrodes.
The share of the action of electrical stimulation
has not been identified (triggering or
participation in triggering the closure of the
plant trapdoor)

OPPORTUNITIES The plant allows fast signal transmission (high-
precision biosensors)

THREATS The tissues of higher plants are complex
The experimental environment: Artificial [70]
Plant Dionaea muscipula Ellis (Venus flytrap)
Stimulation Charge injection
Objectives Study of the closing mechanism of the flytrap of

the carnivorous plant Venus
Observation Electrical potential and mechanical response
STRENGTHS Implementation of a new hydroelastic model of

the closing mechanism
The elastic property of plants is considered in the
study

WEAKNESSES It is necessary to wait to stabilize the electrical
potential of the plant due to the insertion of the
electrodes

OPPORTUNITIES The new model will advance our understanding
of the relationship between the stimuli and
induced responses

THREATS The tissues of higher plants are complex
The experimental environment: Artificial [72]
Plant Mimosa pudica pulvini
Stimulation Charge injection

Table 2 (continued )

Table 2: Summary of the
experiments and SWOT analysis

Objectives Study on the mechanism of movement of
Mimosa pudica leaves

Observation Electrical potential and mechanical response
STRENGTHS Several types of electrical signals are found in

the mimosa (action potentials, variation
potentials, slow-wave potentials, and flux
potentials)

WEAKNESSES Three hypotheses are included in the mechanical
response of the Mimosa pudica, but studies do
not link them together
It is necessary to wait 3 h–25 h to stabilize the
electrical potential of the plant after insertion of
the electrodes

OPPORTUNITIES The proposed equivalent electrical circuitry is a
reference for further studies on plant
susceptibility
The plant's sensitivity to wind, touch or vibration
can be used as a climate biosensor

THREATS The tissues of higher plants are complex
Th experimental environment: Artificial [27]
Plant Dionaea muscipula Ellis (Venus flytrap)
Stimulation Periodic wave electrostimulation
Objectives Studies on the propagation of the electrotonic

potential and its interaction with the action
potential

Observation Propagation of electric potential along the rod
STRENGTHS A high-performance data acquisition system is

used
WEAKNESSES The study of electrical potentials at the level of a

single cell is impossible in the plant
OPPORTUNITIES The results can be used to clarify electrical

communication at the plant cell level.
The observation of electrical signals in plants
could be an effective method for monitoring the
state of environmental change

THREATS The tissues of higher plants are complex
The experimental environment: Artificial [55]
Plant Red tubers of an Irish potato
Stimulation Periodic wave electrostimulation
Objectives Study of memory resistance in potato tubers
Observation Memoristor
STRENGTHS A high-performance data acquisition system is

used
The experiments were repeated 14 times

WEAKNESSES The addition of chemicals to the soil results in a
48- to 90-h waiting period between stimulations

OPPORTUNITIES The results can be references for future studies
on the memory and daily behavior of plants

THREATS The tissues of higher plants are complex
The experimental environment: Artificial [28]
Plant Golden Delicious and Arkansas Black apples

(Malus domestica Borkh.)
Stimulation Periodic wave electrostimulation
Objectives Study of the memory resistor and differential

circuits in fruits
Observation Memoristor
STRENGTHS A high-performance data acquisition system is

used
The experiments were repeated 20 times

WEAKNESSES The representation of the memory of the plant is
in the form of complex electrical circuits
composed of several basic electrical elements

OPPORTUNITIES The results can be references for future studies
on the electrochemical and electrophysiological
properties of electrical activities in fruit

THREATS The tissues of higher plants are complex
The experimental environment: Artificial [52]
Plant Pumpkin seed Cucurbita pepo L., cv. Cinderella,

Cucurbita maxima L. cv Warty Goblin, and
Cucurbita maxima L., cv. Jarrahdale

Stimulation Periodic wave electrostimulation
Objectives Study of the memory resistance in pumpkin seed
Observation Memoristor
STRENGTHS A high-performance data acquisition system is

used

(continued on next page)
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Table 2 (continued )

Table 2: Summary of the
experiments and SWOT analysis

The experiments were repeated 20 times
WEAKNESSES The representation of the memory of the plant is

in the form of complex electrical circuits
composed of several basic electrical elements

OPPORTUNITIES The results will allow a better understanding of
memory activities in seeds

THREATS The tissues of higher plants are complex
The experimental environment: Artificial [29]
Plant Aloe Vera
Stimulation Electrostimulation
Objectives Study of the characteristics of the propagation of

electrical potentials in Aloe Vera
Observation Propagation of electrical potentials along a leaf
STRENGTHS A high-performance data acquisition system is

used
The tests were performed with several types of
electrodes

WEAKNESSES The transport of the electrotonic potential is
unknown (xylem or phloem)

OPPORTUNITIES The proposed equivalent electrical circuit is a
reference for other studies on the electrical
activities of plants and the direct relationship
with stimuli

THREATS The tissues of higher plants are complex
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the advantages related to this subject of study outweigh the disadvan-
tages. The majority of the studies carried out on the subject conclude that
the plant organism is complex but the opportunities are numerous and
relevant. Studies conducted on the electrical activities of plants tend
towards the same conclusion that applications such as environmental
monitoring (detection of pollutants, pesticides, climate change) are
possible. In this case, future research can be directed towards the use of
plants as an environmental biosensors for meteorology prediction in a
microclimate environment. Meteorological models adapted to the bio-
logical plant must therefore be developed in order to transform the
biological plant into a biosensor. Table 2 summarizes the obstacles and
therefore the future perspectives in the domain that could be the subject
of further research.
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