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Abstract—Plants are very efficient computing machines. They
are able to sense diverse environmental conditions and quickly
react through chemical and electrical signaling. In this paper, we
present an interface between plants and machines (a cybernetic
plant), with the goal of augmenting the capabilities of plants
towards the creation of plant biosensors. We implement a data
acquisition system able to stimulate the plant through different
electrical signals, as well as record the electrical activity of plants
in response to changing electrical stimulations, light conditions,
and chemicals. The results serve as a proof of concept that sensing
capabilities of plants are a viable option for the development of
plant bio-machines. Different future scenarios (some speculative)
are discussed. The work herein is carried out as a collaboration
between the EU project Flora Robotica and the EU project
NASCENCE.

I. INTRODUCTION

As all living beings, plants are remarkable living ”ma-
chines”. They are able to manifest complex computing func-
tions such as metabolism, growth, self-reproduction, and adap-
tion to external (environmental) as well as internal (physiolog-
ical) stimulation.

In the recent years, intense yet non-conclusive research
has been conducted in the field of plant intelligence [1]–
[3]. Plant tissues and cells sense and communicate through
”slow” chemical signals and ”fast” electrical signals. Plant
action potentials (APs) were discovered as early as in 1872
[4], [5], due to depolarisation of plasma membrane [6].
More recent studies have elucidated the basic concepts of
energetics, electrophysiology, and photobiophysics of green
plants [7]. This trend was motivated by the possibility of
interfacing plants to electronic components in order to utilise
their intrinsic sensing capabilities as biosensing devices [8].
The preliminary work herein establishes a hardware/software
interface for simple plant electrical activity recording and
stimulation through diverse stimuli, e.g., current, light, etc..
This work paves the way towards the implementation of plant
bio-machines.

This paper is laid out as follows: Section II gives back-
ground information on plant physiology, and relevant research
projects dealing with computation in unconventional materials
as well as symbiotic robot-plant societies. Section III describes
the research motivation and the experimental setup. Section IV
outlines the preliminary results and Section V concludes the
work with a discussion of possible future work and future
scenarios of application (some speculative).

II. BACKGROUND

A. Plant Physiology

A novel plant biology research stream, i.e. plant neurobiol-
ogy, has recently gained momentum. The main goal of plants
neurobiology is to understand how plants process information.
Plants are subject to diverse environmental stimuli and are able
to process them and produce a wide variety of responses, i.e.
through signaling systems. Such signaling mechanisms include
production of chemicals as well as long-distance electrical
signals, i.e., action potentials (APs) and variation potentials
(VPs), as result of temporary depolarization of membrane
potential [9]. Another type of signal is local electrical potential
(LEP), which is responsible for communication which does
not propagate over long distances [10]. Typically, VPs are
produced by damaging stimuly whether APs are the result of
non-damaging stimuli. APs have been reported and measured
in Mimosa pudica [6] and Venus flytrap [4]. For a more
comprehensive introduction to plant electrical signaling see
[11]. Even if such communication and signaling mechanisms
have been observed and (to some extent) reproduced, a clear
understanding of the relation between electrical signals, type
of responses and organs involved is still an open question.
Plants show a wide variety of autonomous behaviors, such as
when and where to forage for nutrients, when and what organs
to generate, when to reproduce, how to protect from attacks,
when and where to transmit chemicals to the environment and
neighboring organisms; all in a changing environment (e.g.
light, weather, wind, rain, temperature, etc.). Such abilities
to adapt and self-organise are the result of a sophisticated
information storage, acquisition system, and processing capa-
bilities.

Electrical signals are considered the most important physical
signals in plants, because of the ability to transfer information
over long distances faster than by chemical signals [12].
Extracellular measurements of electrical signals in plants are
typically performed by surface contact electrodes or needle
electrodes. While surface electrodes are suited for short term
usage (due to drying of electrode medium), needle electrodes
inserted into the plant tissue are applicable for long-term
testing (but they may cause some wounding). Other types of
stimulation have been investigates. In [13] light has been used
to trigger bioelectrical activity.

In [14], it was observed that an induced electrical stimulus
between a midrib and a lobe of Venus flytrap closed the
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Fig. 1: Mecobo setup and schematic overview.

leaf by activating motor cells without mechanical stimulation
of trigger hairs. In particular, the used electrostimulation
consisted in a 1.5 V AP for a duration of 1 second, which
resulted in a closing time of 0.3 seconds, consistent with a
natural mechanically induced closing. It was reported that the
resulting AP in the plant had a duration of 1.5 ms.

Although the plant ”nerve-like system” does not develop to
the same degree of complexity as in animals, it is evident that
it is able of remarkable long-distance signaling. A summary of
physiological effects of electrical signals in plants is presented
in [9].

In [8] it has been proposed that plants could be used as
biosensors, i.e., devices that could detect changes in a biolog-
ical system, for monitoring of atmospheric electrochemistry,
acid rain, pesticides, light, and pollutants. As an example,
they reported APs in potato plants and soybean when different
envronmental conditions were produced. A more recent study
[15] reported different electrical circuits in plants, including
capacitors, resistors, inductiors and memristors, which con-
tribute to processing and decision making (memory).

A related research effort [16] is investigating how to produce
wires from living plants and the evolution of logic gates using
an evoluton-in-materio paradigm [17].

Such research field has both theoretical as well as practical
implications. Understanding the processing mechanisms in
plants would result in novel technologies and natural biosen-
sors, towards an understanding of plant ”intelligence”. This
could lead to the creation of hybrid bio-machines. Such work
requires a multi-disciplinary effort, at the intersection of ICT
and bioelectrochemistry.

B. Computation in Physical Materials

Evolution-in-materio (EIM) [18], [19] is a relatively new
field of research that explores physical materials to perform

computation. Such emergent computation is exploited by
manipulating the materials via computer-controlled evolution
(CCE). CCE may program the materials with different kinds
of stimuli, e.g. voltages, currents, temperature, light, etc. The
chosen substrate is treated as a black box, i.e. some input
signal is encoded in the substrate and some output signal is
decoded from it. Examples of exploited substarates include
ferrous sulphate solutions [20], FPGAs [21], liquid crystals
[22], carbon nanotubes [23], biological neurons [24], slime
mould [25], and cellular automata [26]. In particular, the
EU-funded project Nascence has produced a wide variery
of computational devices in unconventional substrates. For a
detailed explanation of recent efforts in the Nascence project
see [18], [27]. One of the results of the Nascence project is the
Mecobo evolutionary motherboard [28], depicted in Figure 1.

The Mecobo board is a custom-built hardware interface
between the substrate and a traditional computer. All the input
signals and output measurements are carried out through the
Mecobo board, which offers the possibility of mixed signals,
i.e. digital and analogue, input/output setup on any of the
16 available electrodes. All the experiments in this paper are
carried out through the Mecobo board.

Plants are very complex computing substrates and therefore
may be interfaced with Mecobo for stimulation and electrical
recordings, towards a hybrid plant-bio machine.

C. Symbiotic Robot-Plant Societies

While the main motivation for artificial life research is
to investigate life-as-it-could-be, another important research
direction is to study mixed societies of biological organisms
interacting with artificial life artefacts. The aim of such novel
research direction is to gain a better understanding of emergent
behaviors, interactions and communications between artificial
and biological life-forms. The EU funded project Flora Robot-
ica [29] aims at studying mixed societies of symbiotic robot-
plan bio-hybrids, both in the physical world as well as in
simulation [30].

In this paper, the main motivation is to investigate plants’
ability as bio-sensors, towards a better understanding of plant
intelligence and hybrid plant-machines.

III. RESEARCH MOTIVATION AND EXPERIMENTAL SETUP

The research described in this paper aims at establish-
ing a simple plant-machine interface in order to carry out
stimulations and recordings of plant electrical activity under
varying environmental conditions.The long-term goals are to
investigate the possibility of using plants as bio-sensors as well
as a better understanding of plant signaling and information
processing. Such processing capabilities may be used in the
future to exploit plant intelligence for control of hybrid bio-
machines and plant-robots.

Two types of plants are purchased and cultivated in the
Robotics, Evolution and Art Lab (REAL) at IT University
Copenhagen, Denmark. The first type of plant is Aloe Vera
(Aloe) and the second type of plant is Echeveria Suculentus
(Crassulacae). Both plants have a diameter or 11cm and thick



Fig. 2: Needle-type conductive electrodes.

(a) Aloe Vera. (b) Echeveria Suculentus.

Fig. 3: The two used plants in the faraday cage with connected
electrodes.

leaves that provide appropriate surfaces for securing needle-
type electrodes. Electrodes are inserted in random positions,
avoiding to position electrodes too close to each other in
order to avoid direct contact between them. Figure 2 shows
the needle-type electrodes and Figures 3a and 3b depict
the electrodes inserted into the Aloe and Echeveria plants,
respectively.

Both plants have been positioned into a carton box covered
with aluminium foil (i.e. a Faraday cage) to shield any external
electromagnetic noise. In order to verify that no external noise
is received inside the box, one electrode is left disconnected
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Fig. 4: Control signal in Faraday cage, 1 disconnected elec-
trode recorded for 1 second at 10kHz, peak-to-peak variation
of 0.004V (negligible noise). x axis represents time and y axis
represents voltage amplitude.

Fig. 5: LED growing light bulb.

(a) Setup with light off. (b) Setup with light on.

Fig. 6: Setup with different light conditions.

and the corresponding signal is recorded through Mecobo for
1 second at a sampling rate of 10kHz. The plot is shown
in Figure 4, where the peak-to-peak variation measured is
negligible (0.004V).

In addition, a 3W growing light with 36 LEDs (20 red
and 16 blue) is inserted into the plant box. An image of the
growing light bulb is shown in Figure 5. Figures 6a and 6b
depict the setup with light off and on, respectively (with box
open in order to allow for pictures, however the box was closed
during the experimental work).

An additional setup was attempted with a Basil plant (Lami-
aceae). However the leaves proved to be too fragile for needle-
like electrodes (see Figure 7). For this kind of plants, surface-

(a) Mecobo board connected to
Basil plant setup.

(b) Basil and needle electrodes
setup.

Fig. 7: Mecobo board setup for the unsuccessful Basil exper-
iments.
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(a) Aloe Vera frequency sweep (100-1000Hz) in darkness.
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(b) Zoom-in results.

Fig. 8: Results of Aloe Vera frequency sweep in darkness.

type electrodes (e.g. Electromyography electrodes) may be
better suited.

As plants are known to possess diurnal/nocturnal cycles,
all experiments are started with the same initial conditions,
with the plant left in darkness for a period of 15 minutes.
All experiments are conducted in the same room, with a
temperature of around 22 degrees Celsius and humidity of
around 50-55%. The used needle-type electrodes are made of
copper with a length of 1cm.

IV. PRELIMINARY RESULTS

The first experiment consisted in recording the electrical
activity of Aloe Vera in darkness while a square wave signal
was used as stimulation. As discussed earlier, the plant was
placed into a Faraday cage. Pin 0 of the Mecobo board was
connected to the first electrode and set to ground (reference
electrode). Pin 3 of the Mecobo board was connected to
a second electrode and set to a square wave with 50%
duty cycle, amplitude between 0V and 3.3V, and frequency
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(a) Echeveria frequency sweep (1000-10000Hz) in darkness.

600 800 1000 1200 1400 1600 1800
Time (# Samples)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

A
m

p
lit

u
d
e
 (

V
)

Output 1
Output 2
Input

(b) Zoom-in results.

Fig. 9: Results of Echeveria frequency sweep in darkness.

between 100Hz and 1000Hz. As such, a frequency sweep
was conducted for a duration of 100ms. Pin 1 and 2 from
the Mecobo board were connected to two different electrodes
placed into two different areas of the plant, and designated as
recoding pins at a sampling rate of 30000Hz. As such, 3000
samples were collected in total for each recording pin. Figure
8a shows the original signal in red as well as the recorded
signals in green and blue. It is possible to notice that the
amplitude of the output signal is not influenced by the input
frequency. However, it is clearly visible that the amplitudes on
the two output pins are fairly different. Another visible effect
in the zoomed-in Figure 8b is the discharge and charge cycles
produced by the plant.

The second experiment consisted in reproducing the exact
same setup as the first experiment, using the Echeveria plant.
The only difference is the used input frequency on pin 3,
which is increased to the range between 1000Hz and 10000Hz.
Figure 9a shows the original signal in red and the recorded
signals in blue and green (the blue signal is not clearly
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Fig. 10: Echeveria action potentials in darkness.

visible as it is fairly overlapping with the green signal). It
is possible to notice that the output amplitude is a result of
the input frequency. This is even more visible in the zoomed-
in Figure 9b, where it is possible to detect different aplitudes
for different input frequencies and repeating cycles (peaks)
within the same frequency cycles. It is therefore plausible that
the used plant is sensitive and responsive to specific frequency
ranges (i.e. filter).

An additional third experiment is carried out using Echev-
eria. In this experiment, the input signal was connected to
pin 7 of the Mecobo board. The input electrode was set to a
static signal of 0V for 9ms and a static signal of 1.5V for 1ms.
The same input was repeated 10 times, for a total experimental
time of 100ms. Pin 0 was set to ground. The output signal was
once again recorded on pin 1 and 2 with a sampling rate of
30000Hz, producing a total of 3000 samples. Figure 10 shows
the input singal in red and the output signals in blue and green.
It is possible to notice that the recorded output from the plan
corresponds to a sequence of 10 action potentials (APs).

In the fourth experiment, the Echeveria plant was not
connected to any electrical input signal. The plant, which was
placed into the Faraday cage, was connected to one output
electrode corresponding to pin 4 of the Mecobo board. The
output signal was recorded for a period of 2 minutes at a
sampling rate of 100Hz, for a total of 12000 samples. For
the first 60 seconds, the plant was left in complete darkness.
For the next 60 seconds, the growing light was turned on.
The experiment was repeated a second time, after the plant
was left in darkness for a period of 15 minutes. Figures 11a
and 11b show the recodings of the two experimental runs. In
both cases, it is clearly noticeable when the light is turned on,
around sample 6000, as the amplitude increases. However, in
the first experiment, while the light is left on for 1 minute,
there are two visible cycles which the plant undergoes. Such
electrical behavior is a result of the plant sensing the light
(and the consequent electrochemical processes). In the second
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Fig. 11: Echeveria light off 1min and on 1min, 2 different
examples.

expetrimental run, it is possible to notice that the recorded
patterns are different, showing electrical cycles of different
duration. The recorded plant electrical activity behavior makes
it possible to use the plant itself as a light sensor without
the need of additional hardware, besides the electrode and the
equipment used for electrical recording.

The same experiment was repeated for the Aloe Vera plant,
with the same experimental setup. The recording is shown in
Figure 12. In this case, it is again clearly visible when the light
is turned on and the recorded amplitude increases. However,
no clear electrical patter in recognisable. It is therefore clear
that the two used plants have different electrical signaling as
resulting effect of light stimulation.

Two final experiments were carried out, one on each of
the two plants. Echeveria was connected to two electrodes,
one used as reference electrode (ground) and one used as
recoding pin for 10 minutes at a sampling rate of 100Hz,
for a total of approximately 60000 samples. After 2 minutes,
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Fig. 12: Aloe Vera light off 1min and on 1min.
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Fig. 13: Echeveria with addition of NaCl salt.

9ml of NaCl (Sodium Chloride) 3,5M was injected into the
soil with a pipette. This scenario was intended to reproduce
a salty soil sensor. While the electrical results do not show a
drastic amplitude increase, it is still possible to notice a slight
increase at around 3 minutes, where the singal becomes more
noisy and with higher peaks. This effect is visible throughout
the recording. Results are shown in Figure 13. Note that this
experiment was conducted outside the shielded cage and in
normal daylight.

The same way, Aloe Vera was also connected to one ref-
erence electrode and one output electrode. The recording was
carried out for 15 minutes. After two minutes, 6ml of Decanoic
Acid 10M was injected into the soil with a pipette. This
scenario was intended to reproduce an acid rain sensor. Figure
14 shows the recorded results. Note that this experiment was
conducted outside the shielded cage and in normal daylight.
After about two minutes, a sharp spike is clearly visible, which
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Fig. 14: Aloe Vera with addition of Decanoic Acid.

corresponds to the moment when the acid solution has reached
the plant. This is an indication of the electrical behavior in
acid conditions. Afterwards, there is an increase and then a
decrease in recorded amplitude.

The presented results are somewhat consistent with the
results documented by the EU Project PLEASED [31], using
different types of plants, equipment and recording procedures.
Different plants have been show to be capable of reacting to
changing environmental conditions through different kinds of
electrical patterns. As such, it is possible to envision future
applications where plants are used as bio-sensors. However, at
the current state of reseach, the proces of setting up the correct
number of electrodes and electrical signals is not automated.

A. Unsuccessful Experimentation

A set of unsuccessful tests is briefly reported here. The
experimental setup presented in [32] was attempted under
different light conditions, with the difference that the used
plant was placed inside a Faraday cage. No variation of
reported output frequency was found. It is therefore plausible
that the results reported in [32] are the result of environmen-
tal/electromagnetic noise (as the plant was not shielded).

As reported in [17], where an exhaustive search for logic
gates was reported, the usage of evolutionary search for con-
figuring the plant for specific computation would be beneficial.
For this purpose, an evolved frequency classifier was attempted
with the methodology reported in [33]. However, no feasible
solution was successfully evolved. More experimentation is
therefore needed to assess the feasibility of using evolutionary
search in plant substrates.

V. DISCUSSION AND CONCLUSION

In this paper, we have outlined a simple experimental setup
for hybrid plant-machines and documented preliminary results
of plant biosensing computations. More experimental work
is needed to establish a working prototype. However, the
presented results show that electrical activity of plants may



be recorded and used as indication of different environmental
conditions (e.g. changes in light, chemicals, electrical stim-
ulation). Such plan behavior may be exploited for several
applications. Here we outline some of the possible scenarios
and fields of application (some speculative), ranging from
robotics to agriculture, from sensing devices to computational
substrates, and within art/architecture.

• Robotic bio-machine: since plants carry out some form of
computation to react to diverse external conditions, such
control system may be used as controller for a robotic
bio-machine, where the plant itself works as its brain.

• Computing substrate: pants may be used as computing
substrate using an evolution-in-materio paradigm, where
artificial evolution is used as programming tool to identify
suitable stimulations to configure and exploit the plant to
carry out a sought computational function.

• Plant bio-sensors: one of the straight forward applications
may be to utilize plant intelligence as bio-sensors. The
results in this paper provide a proof-of-concept that such
paradigm is within reach.

• Environment and pollution monitoring: one interesting
application may be to use plants as monitoring devices
for environmental pollution.

• Agriculture: another type of application may be certifi-
caltion of organic farming. Chemicals applied to plants
may be detected by monitoring their electrical activity, as
such, it may be possible to record the electrical activity
of plants to certify their organic production.

• Plant acoustic: it has been shown that plants may react
to acoustic signals [34], [35]. This kind of application
may be utilized for agricultural purposes. An example
is described in [36], where classical music is used as
stimulation for producing wine grapes.

• Insects cooperation: plants have developed mechanisms to
cooperate with other species, such as insects. An example
is how caterpillar-damaged plants protect themselves by
attracting parasitic wasps [37]. Such behavior may be
studied and possibly controlled through electrical stim-
ulation.

• Architecture and art: in [38] plants and technology are
combined for artistic and architectural purposes, where
plants rotate in order to achieve a microgravity envi-
ronment. Robotic-plant systems in arts may be used for
aestethics as well as for raising awareness of themes
around artifial life and interconnection between nature
and technology.

• Studies of group of plants interaction: the experiments
presented herein are a valuable tool for setting-up future
studies of plant-to-plant and plant-to-mycelium commu-
nication, and for plant electrophysiological studies.

In conclusion, the study of hybrid plant bio-machines has
great potential for future applications of artificial life and
mixed societies of biological and artificial organisms, and may
open the way to new engineering applications in diverse fields
(e.g. bioelectronics, biocomputing, biomaterials). Our hope is

that the work herein will stimulate more and more research
into this fascinating field.
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