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Abstract— This research activity concerns the development
of a sensor based on Sansevieria plants to measure UV-A
radiation. The proposed approach is based on soils and plants
together with the metabolic processes and bacterial activities
involved in such organisms. This generation of devices aims
to overcome silicon-based solutions that cause environmental
pollution with CO, emissions during manufacturing and issues of
nonbiodegradability and toxicity at the dissemination or end-of-
life phases. The sensor here studied and characterized presents
no CO, emissions during the production, considering the absence
of manufacture and foundries processes, and it is also capable
to meet the zero-CO, condition by reducing the amount of
carbon dioxide already present in the environment through
natural photosynthetic processes. The living sensor based on
the Sansevieria and its working principle is studied for the first
time in the literature, together with the analysis of radiation in
the bandwidth of 350-400 nm, the metrological characterization,
the features, and influences analysis. The results highlight the
suitability of the Sansevieria as a self-generating, battery-less
sensor based on the metabolic processes in the living system, soil,
and plant, as a function of the measurand. It is worth noting that
the approach followed here has the prerogative of being simple,
low-cost, nontoxic, biodegradable, environmentally friendly, and
mimetic with a perspective of achieving a huge jump in the
development of green measuring systems.

Index Terms— Chemo-electrical transduction, living organ-
isms, plant-based sensor, Sansevieria, sensor characterization,
UV radiation measurements.

I. INTRODUCTION

ECHNOLOGICAL innovation in the field of measure-
ment systems and electronic devices is certainly one of
the most interesting trends of recent years [1], [2], specifically
in terms of research and investments made by companies
and academic institutions. The technological landscape often
changes very rapidly according to the advancements and

innovations in cutting-edge alternative technologies [3], [4].
Focusing on silicon-based devices, it should be noted
that the semiconductor industry’s carbon emissions are high.
Unfortunately, the manufacture of these devices represents an
ungreen approach: although some of the fabrication energy
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comes from renewable sources, most of it requires the use of
fossil fuels such as carbon and gas. In addition, some chip-
makers emit a significant amount of pollutants [S]. An increase
in gas emission has been observed in recent years, with values
more than doubling in two years and around 15 million
tons of CO, equivalent in a single year for a semiconduc-
tor and silicon/micro electro-mechanical systems (MEMS)
foundry [6], [7]. Considering these procedures together with
the metal layers used in integrated sensors, an emission of
about 11.3-kg CO,e/kg can be observed [8].

The eco-friendly aspect and biodegradability of these
devices are a key point: the silicon cannot be absorbed
naturally [9] and for this reason, significant efforts have been
made to reduce carbon emissions [7], [10] by developing new
micro and nano-fabrication techniques for sensors and MEMS
devices based on biodegradable polymers [11], which offer
an alternative that is not only more sustainable but also less
expensive and more suitable for future applications. In order to
reduce the emissions correlated with the fabrication process,
obtain carbon neutrality and a fully biodegradable device,
the polycaprolactone or polylactide material can be taken
into consideration as low emission (<5.5-kg CO,e/kg) [12]
of pollutants, biocompatible and biodegradable synthetic and
bio-based polymers [13], [14]. Literature also shows a ten-
dency to use biopolymers as substrates, e.g., cellulose or
bacterial cellulose [15], [16], [17] for sensors and mobile
devices [17], [18]. Such solutions, through these compounds,
imply near-zero CO, emissions and near 100% biodegradabil-
ity. To implement sensing systems, however, the compound
must include various additive layers such as metal [19],
carbon black [20], carbon nanotubes [21], or doping with
Zn0O, which implies an increase in emissions [22]. As a
consequence, biodegradability decreases as a function of the
mixed materials [23]. With the aim to increase the greenness
of the entire device, literature shows the possibility of using
the sensing capabilities of soils in order to develop sensors
based on living microorganisms. In [24], the soil was used as
a temperature sensor through the application of electrogenic
bacteria and a chemo-electrical transduction process. This
solution can be considered fully biodegradable and without
emissions of CO, considering the absence of a fabrication
phase. In line with the latter, this article will address a highly
innovative aspect in the context of green devices by presenting
a paradigm, which goes beyond the “classical” technologies
previously described. The idea is to adopt soils and plants as
“living” sensors and self-generating devices which guarantee
the development of completely biodegradable systems with
no CO, emissions during the production, considering the
absence of manufacturing and foundries processes, but also
capable to absorb the CO, already present in the environment
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(i.e., through photosynthetic processes). Focusing the attention
on plants, the principle behind living sensors concerns the
possibility of using the “natural” sensing properties of these
vegetal organisms in order to implement sensors based on
chemo-electrical transduction thus obtaining an output voltage
as a function of the specific measurand, when other parameters
such as the microorganism, the mineralogy of the soil, and
other physical quantities of interest remain unchanged or
naturally filtered by the specially considered plant. It should
be noted that the choice of a specific plant and soil is crucial
during the implementation of the living sensor. The sensing
properties of plants are extensively studied in the context of
plant biology and various studies have been conducted in the
context of electrophysiology [25], and, as shown in [26], the
adoption of plants as living sensors can be considered as a
suitable green paradigm in the instrumentation and measure-
ments context.

Baluska [27] investigate electrical signals in long-distance
communication in plants giving particular emphasis to action
potentials. Various case studies were considered, including the
analysis of action potentials and variation potentials recorded
in the stem of Helianthus annuus. The excitation was imposed
through an electrical signal and the variation potentials were
observed by using wounding as stimulation. An output voltage
in the order of 50 mV was observed and a spatial analysis as
a function of electrodes implanted in the plant was also con-
ducted. The ion mechanism of action potentials was addressed
by involving Ca>*, C1~, and K* fluxes and considering various
plants including Salix viminalis. Both potentials have been
widely studied as electrical activities in plants also from the
modeling point of view, in particular, in [28], the primary
responses of a plant to changes in environmental factors and
the potential propagation were pursued with the mathematical
model of action potential propagation. A dynamical model
which is in line with the propagation theory in electrical wires
and systems of telegraphers was addressed in [29]. In partic-
ular, in the latter article, a voltage signal was applied and the
propagation of the waveform was analyzed and modeled. The
model of a plant, considering a differential equation with time
and space derivatives, was studied as a biological wire, and
a dc voltage of 9 V was applied analyzing the propagation
effect in the plant. Various aspects were considered such as
ion species, such as K™ and Na™ or HT, K", and Cl, the
maximum conductance, the channel open probability, electrical
parameters of the membrane, and the external stimulus to
excite the system. This external signal could represent a
physical quantity under analysis, including thermal variation
as proposed in [30] where authors addressed the study of
electrical signaling in aloe vera induced by localized thermal
stress. In this article, the authors investigate the propagation
speed of thermally induced action potentials. A maximum
voltage variation of about 40 mV was observed in presence of
a 0 °C thermal shock with electrodes installed inside the plant
at 1 cm of distance. However, in the perspective, to conceive
less invasive electrical contacts, an electrical configuration
with electrodes installed inside the soil can be considered. For
example, as described in [24], where the possibility of using
soil as a sensor, with implanted electrodes, was demonstrated.
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The conversion principle, widely studied in terms of X-ray
irradiation, heating procedure, and enzymatic activities [31]
was based on the modification of the metabolic processes of
natural microorganisms within the soil as a function of the
external measurand. Trigona et al. [32] propose a plant-based
sensor for UV-A radiation measurements realized by using a
Dimorphotheca ecklonis as a living sensor and, in this case,
adopting weak invasive contacts through electrodes inside the
soil. The transduction principle is based on the biochemical
actions of cryptochrome. A preliminary study was presented
together with the performance of the proposed device. This
article improves the state of the art by presenting, for the
first time, a sensor based on Sanseviera cylindrica to measure
the radiation in the band 350-400 nm and having the pre-
rogative of being self-generating, simple, low-cost, nontoxic,
biodegradable, environmentally friendly, and mimetic in the
perspective to achieve a gigantic step in the realization of
the green economy. Compared with the previous paper [32],
this article represents an evolution of the research activity
with the goal of developing better-performing living sensors
with more interesting features and exhaustive characterization,
performances, and influences. The features arouse interest both
in the context of environmentally friendly devices and for
applications that can span in the context of security, cultural
heritage, smart home, and smart agriculture. It is worth noting
that, to the best of our knowledge, this is the first demonstra-
tion of the generating sensing properties of this class of plant-
soil devices. This article is structured as follows. Section II will
describe the working principle and the experimental setup used
for the characterization. The obtained results are presented in
Section III, which includes the analyses in terms of applied
UV-A irradiation to the plant, the metrological characterization
of the living sensor, and the study in terms of influences. Final
remarks and future trends are given in Section I'V.

II. WORKING PRINCIPLE AND SETUP
A. Sansevieria Cylindrica Description

The plant used in the study was a Sansevieria cylindrica,
also known as Dracaena angolensis and commonly named
Sansevieria. It is a Crassulaceae plant native to subtropical
African regions, belonging to the genus Dracaena (family
Asparagaceae) [33]. It is an ornamental plant as it is very easy
to cultivate and take care of indoors if given bright light and
a moderate amount of water being a drought-tolerant species.
It presents interesting properties in terms of growth over time
and it presents various characteristics including slow-growing
which can be also in the order of ~10 mm/year. Crassulaceae
plants are also drought-resistant plants in which the leaves,
stem, and roots can be considered as water-storing tissues,
characterized by a typical carbon fixation pathway known as
Crassulacean acid metabolism (CAM), which evolved in plants
adapted to arid conditions and allows them to photosynthesize
during the day and only exchange gases during the night [34].
For its physiological characteristics, Sansevieria cylindrica
may be a suitable prototype for the indoor UV-A living
sensor model. Moreover, Sansevieria asparagaceae showed
to be a good candidate to produce a stable output voltage,
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Fig. 1. UV-A radiation detection in Sansevieria cylindrica. The inset evinces
the organic acids and the chemical process at the level of roots.

allowing to harvest of energy from the plant microbial fuel
cells (PMFCs), a green technology generating energy through
an electrochemical process based on the degradation of plant
roots via bacterial action [35].

B. Radiation Detection Principle in Sansevieria Cylindrica

Focusing the attention on the working principle, Fig. 1
shows a schematization of the plant and the transduction
principle which will be used to measure the UV-A radia-
tion. In particular, considering the recent studies, the Dimor-
photheca ecklonis was successfully used as a living sensor for
UV-A radiation measurements, and the mechanism hypothesis
was linked to the photoexcitation of cryptochromes through
processes involving electron transfer and flavin reduction [32].
Plant cryptochromes are UV/blue light photoreceptors that
play a pivotal role in the growth, development, and stress
responses of the plant [36]. It was shown that in Erio-
phorum angustifolium and Narthecium ossifragum the UV
radiation modified the plant metabolism, causing a change
in the net efflux of root rhizodeposition, which is the soil
fraction directly influenced by soil microorganisms and root
exudates [37]. These latter may strongly influence the phys-
iochemical properties of the rhizosphere, modifying the soil
redox potential [38]. The soil is a complex entity made of
mineral and organic substances, the latter made of residual
necromass, living biomasses such as microorganisms and
macroorganisms, and humic substances (the most stable com-
ponent). One of the humic substance fractions, the humin, may
be considered as a versatile redox mediator to enhance mul-
tiple microbial redox metabolisms under anaerobic conditions
such as reductive dehalogenation, dissimilatory iron reduction,
dissimilatory nitrate reduction to ammonium, and denitrifica-
tion [39]. Thus, the change in the soil redox potential due to
the chemical reactions induced by microorganisms and sus-
tained by humin may explain the voltage developed between
the two electrodes. The compounds in root rhizodeposition,
especially sugars and organic acids, may differ depending on
the type of plant metabolism [40]. In CAM plants, such as
Ananas comosus and Sedum alfredii root exudates and their
qualitative composition showed a high amount of succinate,
malate and citrate, and organic acids which can affect the
electrochemical processes in the soil [41].
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An open-circuit voltage and current were continuously
measured to determine the output power of the PMFCs by
using three different plant prototypes characterized by different
metabolisms (C3, C4, and CAM). Among these plants, the
CAM plant Chlorophytum comosum registered the highest
maximum power density at 30.39 mW/m? [42].

Moreover, CAM plants have the advantage to be able to
generate rhizodeposition even in dry soil conditions as they
are drought-resistant [43]. Based on these evidences, our
results suggest that Sansevieria cylindrica may be a suitable
plant for the UV-A radiation detection, affecting root exudates
production which may modify the soil redox potential at each
dry condition, thus determining a measurable signal among
cathode and anode depending on UV-A intensity.

C. Experimental Setup

In order to study and characterize the living sensor, a suit-
able experimental setup was conceived. Fig. 2(a) shows a
schematization of the entire system which is composed of the
following.

1) A Sansevieria cylindrica has 15 stems with a length of

about 290 mm.

2) A UV-A source generator, Labino 135 series 35 W.

3) A fixed stand with variable height in order to change
the irradiance level. The correlation between dis-
tance and irradiation amplitude will be described in
Section III-C.

4) A UV light meter PCE-UV34 measurement system
equipped with an external sensor that operates on a
wavelength of 290-390 nm.

5) The sensor is realized with two electrical contacts (anode
and cathode) located inside the soil, in order to electri-
cally connect the plant. The choice of the electrodes
is motivated in order to obtain the maximum redox
potential, which in turn will increase the measurable
output signal of the sensor.

6) A laptop with a LabVIEW' routine is used to acquire the
output voltage coming from the plant. The adopted board
is the NI USB-6366, a multifunction I/O device having
eight differential analog input channels with other digital
sections and counters.

7) An automatic measurement system was implemented by
using a DAQ assistant block with a suitable differential
analog input in order to acquire the voltage signal com-
ing from the plant. An iterative routine, through a while
loop, was considered together with a virtual oscilloscope
and a memorization block employed through a write-
to-measurement file in order to save, as a CVS file,
the measurements for the postprocessing of the data,
executed by using MATLAB.?

Fig. 2(b) shows the Sansevieria cylindrica and the setup which
was used during the measurement campaign. Fig. 2(c) shows
a zoomed-in view of the electrodes.

It is worth noting that the depth of the inserted electrodes

was ~6 cm, and the gap between electrodes corresponds

! Trademarked.
Registered trademark.
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Fig. 2.  Block diagram of (a) characterization measurement system and
(b) experimental setup. “h” represents the distance between the plant used
as sensor and the UV-A source. (¢) Zoomed-in view of the electrodes, both
installed in the soil. It was hydrated with 50 mL of water in presence of an
indoor temperature of about 23 °C.

to ~4 cm. Both electrodes were arranged inside the soil and,
in particular, they were intercalated orthogonally to the ground
level. Regarding the location of the electrodes, the position
as respect roots, the distance between both the contacts and
the depth, and the choice was strictly correlated with an
optimization procedure conducted before the characterization
of the living sensor.

D. Description of UV-A Source and Detector

UV radiation covers the portion of the electromagnetic
spectrum with a wavelength between 100 and 400 nm and
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Fig. 3. Normalized emission intensity of the UV-A source.

is divided into three main categories: UV-A (315-400 nm),
UV-B (280-315 nm), and UV-C (100-280 nm). In general,
the penetration capacity and thus the “dangerousness” of UV
rays increases as the wavelength decreases and, consequently,
as the frequency increases. UV-C radiation has the highest
energy, and therefore, the most damaging but it is this radiation
damage that determines its use for disinfection due to its
germicidal properties [44], [45]. The sun represents the natural
source of the entire spectrum of UV radiation but all UV-C and
90% of UV-B emissions are absorbed by the atmosphere while
UV-A radiation reaches the earth’s surface virtually
unchanged. Based on the scientific literature, the WHO
has identified nine diseases closely linked to exposure to
ultraviolet radiation reaching the earth’s surface. The risk
from UV radiation is considered on the basis of the Global
Solar Index (UVI): the higher the index value, the greater the
potential damage to skin and eyes [46], [47]. Interest in UV-A
radiation and, in particular, both irradiation intensity and
spatial distribution, also concerns other fields of application
such as, for example, esthetics for artificial tanning [48]
and preventive conservation of works of art [49]. This latter
case represents a possible application of interest of the
device presented. Considering the objectives of the research,
the first step was to find a radiation source with UV-A
emission (Fig. 3).

The Labino? Duo-UV device was therefore chosen, based
on two key components: the Labino DUV-35 W Gas Discharge
Bulb (MPXL technology) and the Labino Trigger Ballast
(Electronics). This lamp reaches full power in 5-15 s and can
be switched ON and OFF whenever used, without precooling.
The model used, PS135 UV (Pistol Handle Short) Floodlight
has a beam with a distribution angle of about 45° and an
irradiance of about 4000 ©W/cm? at 38 cm (after 15”).

Irradiance measurements were carried out with the
PCE-UV34 radiation meter, a very versatile device thanks
to its external sensor consisting of a photodiode with the
UV correction filter. It operates over a wavelength range
of 290-390 nm, has a resolution of 0.001 mW/cm?, an accu-
racy of £4%, and a response time of 0.4 s.

III. EXPERIMENTAL RESULTS

The Sansevieria cylindrica was irradiated with the UV-A
source described in Section II and the amplitude of irradiation
was changed by modifying the distances (h) between the
plant and the irradiation source. The measurement of applied
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(b)
Fig. 4. (a) Sketch and (b) photograph of the setup used for the reconstruction
of irradiance maps.

irradiation, the spatial distribution, and the intensity analysis
will be here described and will represent propaedeutic steps for
the metrological characterization presented in the next section.

A. UV-A Irradiance Spatial Distribution

Measurements for the evaluation of the distribution of UV-
A irradiance intensity at different distances were carried out
by considering a 30-cm-square surface on which a grid with a
5-cm pitch was drawn (see Fig. 4). Irradiance measurements
were taken at each grid element using the UV meter’s external
sensor, and the data were processed to obtain the UV irradi-
ance maps shown in the next section.

B. Measurements of Applied UV-A Irradiation

Fig. 5 shows the plot of the irradiance values as spatial
distribution on the surface (map) at different distance values
[see h in Fig. 4(a)] from 10 to 60 cm with a step, manually
changed, of 10 cm.

The study evinces a decrement in the applied irradiance
as a function of the distance. In fact, a maximum value
of 13.5 mW/cm? irradiance was observed at the central
point of the surface at a distance of 10 cm, decreasing
to 1.3 mW/cm? at a distance of 60 cm (see Table I). An inverse
square relationship between irradiation and source distance can
be observed. Fig. 6 shows the plot of the irradiance values as
a function of the distance of the source in the range between
10 and 60 cm with the behavior of the obtained quadratic fit.

C. Characterization of the Living Sensor

The measurements were performed in order to demonstrate
the chemo-electrical transduction process and the response
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Fig. 5. Analysis of the UV irradiance applied to the Sansevieria cylindrica:
amplitude and spatial distribution considering distances in the interval (a) 10,
(b) 20, (c) 30, (d) 40, (e) 50, and (f) 60 cm.

of the sensor as a function of the impressed level of mea-
surand, in accordance with the working principle presented
in Section II.



9505610

TABLE I

VALUES OF IRRADIANCE MEASURED AT THE CENTER OF THE
SURFACE AT VARYING SOURCE-DETECTOR DISTANCE

Distance (cm) | Irradiance (mW/cm?)
10 13.47
20 10.64
30 5.08
40 2.80
50 1.91
60 1.30
15 T
o By
NE 10+ i
S
E N
3
3 A
2, e
- o
N ]
| —-----a
o | |
10 20 30 40 50 60

Distance [cm]

Fig. 6. Irradiance amplitude in the bandwidth of 350-400 nm as a function
of the distance (h). The graph includes the quadratic fitting equation.
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Fig. 7. Evolution of the output voltage across the electrodes considering

various distances between the plant and the UV-A source.

Fig. 7 shows the output voltage generated across the two
electrodes installed inside the soil as a function of vari-
ous distances between the plant and the UV-A source. The
range between 40 and 60 cm which corresponds to about
3 and 1.2 mW/cm? was considered, respectively. The graph
shows a voltage output of about 0.947 V for a level of
radiation of about 1.2 mW/cm?2, while a decrement can be
observed for higher values of UV-A level. The minimum value
corresponds to about 0.928 V which is related to a distance
of 40 cm and a radiation level of about 3 mW/cm?. A time
window of 140 s was considered, and the measurements
were conducted maintaining controlled conditions in terms of
temperature, humidity, and irrigation level.

Fig. 8 shows the output voltage considering the soil and
the soil with the plant as a function of the distance. The
normalization was conducted with respect to the maximum
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The measurement range corresponds to 1.2-3 mW/cm?.
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Fig. 10. Calibration diagram of the Sansevieria cylindrica used as a living
sensor. The graph includes linear interpolation and evinces the correlation
between the output voltage and the measurand.

value of voltage. The graph evinces that only in presence of
the soil and the plant the device is capable to measure the
level of UV-A radiation.

In presence of soil the system is unable to measure the
physical quantity of interest and an almost constant voltage can
be observed. This result also confirms the working principle
and the importance to adopt the Sansevieria as the living
organism to conduct the measurements. Fig. 9 shows the
output voltage as a function of the level of UV-A radiation
from 1.2 to 3 mW/cm?. The result includes the points which
represent the mean value and the linear interpolation. A volt-
age decrement can be observed by increasing the amplitude
of applied radiation. Fig. 10 shows the calibration diagram
of the Sansevieria cylindrica as a function of the applied UV
irradiance. The graph includes the measurements and the linear
interpolation. Each point of the graph represents the difference
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TABLE II
COMPARISON OF THIS ARTICLE WITH OTHER TRADITIONAL INDUSTRY SENSORS
Model Price Device Spectral Field of Power Response | Sensitivity | Resolution Meas. Accuracy | Thermal | Reference
[$] response view [mW] time [mV/ [mW/cm?] Range [%] drift
[nm] [°] [ms] mW/cm?] [mW/cm?] [%/°C]
SKU 421 430 GaAsP 315-400 80 700 <10 100 0.004 10 .5 +0.001 [50]
RK200-07 320 Si-Al 280-400 30 100 <1k 100 0.016 20 .5 +0.08 [51]
GUVA S12SD 10 GaN 240-370 130 0.5 <0.5k 60 0.009 15 +6 +0.08 [52]
UVA-BTA 160 Si-metal 320-390 - - 2k 2500 0.0005 39 .5 - [53]
SU-200-SS 900 Si-acrylic 305-390 75 Self <1 1 0.1 10 .5 +0.05 [54]
diffuser generating
PMAI1110 300 Si-metal 320-400 60 12 25 0.001 200 +5 - [55]
MLS8511 18 Si 280-390 45 10 130 0.08 15 +5 +0.1 [56]
Sanseviera 7 Plant 350-400 45 Self 60k 83 0.1 2.6 +10 +4 This work
cylindrica generating

between the zero condition considered as the absence of UV
radiation and the level of UV-A radiation. It includes the
uncertainty and the mean value for each considered point. The
study highlights a sensitivity of about 8.3 mV/mW/cm? and
a resolution of about 0.1 mW/cm?. Furthermore, in terms of
lifetime, the living sensor worked for about a year while main-
taining the characteristics mentioned, the maximum standard
deviation corresponds to about 0.9 mV. In order to compare the
performance achieved by the living sensor, with commercial
devices, Table II presents the main characteristics of such
devices, including price, fabrication process, spectral response,
angle of view, power consumption, response time, as well as
sensitivity, resolution, range of measurement, accuracy, and
thermal drift for each one.

The slope identifies the sensitivity of the living sensor. The
following equation describes the response of the device:

Vo=8-1T—Kl|g=78 mv (D

where V, is the output voltage, S represents the sensitivity of
the device, [ is the radiation amplitude of the measurand, and
K is a constant value experimentally estimated.

D. Influence Analysis

In order to validate the potentialities of the living sensor
characterized in the previous section, particular attention will
be given to influences, which could affect the performance
of the entire system. For this reason, it is important to study
possible signals and quantities which could affect the output
voltage of the device, such as the injection of unwanted
influences and unrelated environmental signals into the system.
Particular emphasis was given to studying hysteretic effects
by increasing and decreasing the physical quantities under
analysis.

Fig. 11 shows the influence study of the Sansevieria
cylindrica on temperature variation and relative humidity,
which represent two physical quantities found in several
application fields. The influence analysis was conducted by
using a thermal/relative humidity-controlled chamber, ESPEC
Corporation, model SH-242 [as shown in Fig. 11(a)].
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Fig. 11. Measurement system used for the influence analysis. (a) Inset
highlights the localization of the plant inside the temperature/relative humidity
(T/RH) chamber. Influence analysis in terms of (b) temperature, considering
the range 5°-65° and reverse and (c) relative humidity, considering a range
30%-90% and inverse step.

10000

The temperature was varied considering the values
5 °C-20 °C-35 °C-50 °C-65 °C and reverse. Each step
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of temperature was maintained for 20 min in presence
of a constant relative humidity of 50%. Regarding the
relative humidity, the values 30%—45%—60%—75%-90% were
considered as an inverse step. Each point was maintained
for 20 min with a constant temperature value of 20 °C.
Considering the temperature study, a voltage of 0.932 V was
detected at 5 °C, and an output voltage of about 0.860 V
was measured at 65 °C. During the analysis in terms of
relative humidity, an output voltage of about 0.917 V was
observed at 30%, and a value of about 0.919 V was measured
at 90%. The results show an intriguing insensitivity to both
parameters with a maximum variation of about 2 mV for a
corresponding relative humidity variation in the considered
range. Temperature influences the living sensor with a
variation of the output voltage of about 70 mV considering
the range between 5 °C and 65 °C and a variation of
about 30 mV in correspondence of one of about 45 °C.
It is worth noting that, considering indoor applications and
confined environments, the temperature range that could alter
the performance presented in the previous section can be
considered out of interest.

IV. CONCLUSION

In this work, a sensor based on a Sansevieria plant was
proposed to measure UV-A radiation by using the soil, the
plant, and the metabolic processes involved in such organisms.
This solution goes beyond classical silicon-based approaches
which imply CO, emissions during manufacturing and non-
biodegradability and toxicity at the dissemination or end of
life. It is also able to absorb and reduce the amount of
carbon dioxide already present in the environment through
natural photosynthetic processes. The living sensor was stud-
ied starting from the working principle together with its
chemo-electrical transduction principle and through a metro-
logical characterization which includes a calibration diagram,
performance estimation, influence analysis, and capability to
measure radiation in the bandwidth of 350-400 nm. The
results highlighted the suitability of the Sansevieria, which
presents a sensitivity of about 8.3 mV/mW/cm?, a resolution
of about 0.1 mW/cm?, and a range of measurement up to
2.6 mW/cm?. Furthermore, a maximum variation of about
2 mV was detected for a variation of relative humidity in
the range of 30%-90% and a variation of the output voltage
of about 30 mV in correspondence of one of about 45 °C.
Results evince the possibility to use the sensor as a green self-
generating and battery-less device based on the modification of
the metabolic processes present in the living system as a func-
tion of the measurand. Furthermore, the device presents the
prerogative of being simple, low-cost, nontoxic, biodegradable,
environmentally friendly, and mimetic. Table III synthetizes
the features of the living sensor. It is worth noting that all
the aforementioned features are interesting for the realization
of a new class of green sensors and focusing the atten-
tion on the feasibility of this method for practical purposes,
it arouses interest in various fields such as smart agriculture,
agriculture 4.0, cultural heritage, and mimetic applications
(i.e., UV-A measurement for plant health, plant growth, and
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TABLE III
FEATURES OF THE Sansevieria Cylindrica USED AS LIVING SENSOR

Parameter Sansevieria cylindrica

Range of measurement up to 2.6 mW/cm?
Sensitivity 8.3 mV/mW/cm?
Resolution 0.10 mW/cm?

Growth characteristic ~1 cm/year
Influences humidity ~2mV @ ARH~30-90%
RH

~30 mV @AT~45 °C
~1 time/month
Low invasiveness with
Cu/Zn electrodes inside
the soil
350-400 nm

Influences temperature
Irrigation features
Electrodes
characteristics/invasiveness

“Natural” sensitivity range

UV-A level applied to paintings and artworks) with the goal
of achieving environmentally friendly solutions. The work is
in progress, in order to improve the work here proposed,
with a statistical analysis and with procedures (i.e., vegetative
reproduction and vegetative multiplication process [57]) in
order to manufacture, for fixed parameters characteristics,
the living sensor. Future studies include polymeric contacts,
equivalent electrical circuits, and dynamical modeling of the
Sansevieria cylindrica and soil.
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