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Preface

This book collects the contributions presented at the workshop dedicated to
the presentation of the results of the project BRIC 2019 – DiMEILa ID 07 “Sis-
tema integrato di sensori mobili e fissi per la mappatura dinamica spaziotem-
porale di composti volatili in un ambiente lavorativo”, held on February 21st at
INFN in Frascati (Rome). The project is supported by INAIL (the Italian work-
ers’ compensation Authority) in the framework of the collaborative research
bids which the Institute publishes annually (Bric) to achieve the planned re-
search objectives and to enhance its scientific network of excellence.

The present project has been aimed at addressing a problem of paramount
importance for workers safety, i.e. the set-up of portable and possibly personal
instruments for the monitoring of hazardous volatile organic compounds
(VOCs) in working sites. 

Current validated methods for measuring exposure to airborne chemical
agents use static samplers and analytical techniques that provide an off-line and
time-averaged response; using these methods to capture space-time heterogene-
ity and identify pollution peaks would be prohibitively expensive. The existing
direct reading instruments hardly meet the necessary requirements for the eval-
uation and prevention of exposure to dangerous chemical agents in workplaces.

For this reason it has been considered as a priority of the Authority the de-
velopment of specific, robust and reliable chemical sensors able to provide iden-
tification and real time measurements allowing, besides information on
space-time distribution of chemical pollution, a rapid decision-making process
in case of danger.

This challenge has been faced thanks to a collaboration between the Uni-
versity of Tor Vergata (Dept. of Electronic Engineering), University of Roma
Tre (Dept. of Science) and CNR (Dept. of Atmospheric Pollution Research), in
strong synergy with INAIL-DiMEILA. The objective of this project has been
the design of new instruments, based on innovative technologies, able to pro-
vide a response as sensitive, specific and quantitative as possible, for VOCs
considered as hazardous by the current regulation, as well as for volatile sub-
stances generated by bacteria and fungi. The three different groups studied dif-
ferent strategies, involving different methods to capture and measure the target
substances. The different methods were finally combined and tested as an inte-

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
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grated system. This system could represent a new tool for real-time monitoring
that the workers’ exposure remains at acceptable levels, and for improved pre-
vention of occupational diseases due to chemical and biological agents.

Dr. Giovanna Tranfo, INAIL-DiMEILA

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023
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Introduction

VOCs are compounds that have a high vapor pressure and low water solu-
bility. Many VOCs are human-made chemicals that are used and produced in
the manufacture of a large number of industrial products. VOCs include a va-
riety of chemicals, some of which may have short- and long-term adverse health
effects. Concentrations of many VOCs are consistently higher indoors (up to
ten times higher) than outdoors because a large number of these compounds
are emitted by a wide array of products, including paints and lacquers, cleaning
supplies, pesticides, building materials and furnishings, office equipment such
as glues and adhesives, permanent markers, and photographic solutions. Addi-
tional sources of VOCs are the metabolic processes in living beings including
those released by humans and animals and those produced by microorganisms
such as bacteria and fungi. For all these reasons, the analysis of VOCs is crucial
for environmental monitoring. Considering the ubiquities and the vastity of
VOCs, it is immediately apparent that the design of sensing systems suitable
for working sites is a very ambitious target because each compound needs its
specific sensors. Therefore, systems able to analyze in a quantitative way a
broad spectrum of substances is rather unrealistic.

During a past BRIC project we explored the feasibility of implementing dif-
ferent types of sensors, based on different materials and transducers technologies.
Interesting results have been obtained by using solid-state layers of hybrid ma-
terials made of porphyrins, of electrospun fibers of polymers, graphene and por-
phyrins, and mesoporous silicon thin films. Transducer techniques were quartz
microbalance and impedance measurements. FTIR spectroscopy was also tested
and the quantitative analysis of a number of common VOCs was calibrated via
an original purge and trap device. Tests of using THz spectroscopy, a technique
very poorly explored for the analysis and identification of the different volatile
compounds, provided also very interesting and promising data. A selection of
the results obtained during this project have been presented in a dedicated work-
shop held at Roma Tre University on October 25th, 2019.

The follow up of that activity prompted the present BRIC ID07 project,
aimed at improving the sensing techniques by designing a platform of wearable

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
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devices consisting of both selective nanofibrous sensors (conductive composite
polymers) to detect definite gaseous markers of potential interest for work-
places, and sensors for monitoring total-VOCs (metal oxide-based). These are
connected as nodes into a network and visualized on a centralized monitor in
real time, in terms of position and amount of volatiles detected. In the final con-
figuration the mobile sensors nodes are thought to communicate with a fixed
station able to discriminate and quantify the different substances in complex
environmental matrices both via electronic nose (QMB based) and spectro-
scopic (FTIR) methods. This architecture is designed such as to improve via
machine learning the resolution and reliability of the mobile sensors. To this
purpose, new nanofibrous PVP layers and novel conductive gas sensors were
tested, and high-resolution MIR-based analyses were calibrated down to sub-
ppm values thanks to the use of a multipass cell technology.  The use of QMB
based sensor arrays and IR/THz spectroscopy were also tested to detect mi-
croorganisms in the environment; notable applications will be discussed.

Besides the scientific results obtained in the frame of the BRIC ID07 project,
new frontiers offered by quantum-based techniques designed for novel quantum
sensors will be presented. For this reason, we invited a talk, given by Dr. Andrea
Chiuri, coordinator of the HADES project of ENEA aimed at developing inno-
vative advanced quantum technologies. 

We believe that the scientific activities have achieved the goals of the project
and we are confident that the obtained results and the acquired knowledge will
be useful for future progresses in this field. We like to emphasize that these re-
sults have been obtained thanks to the continuous and fruitful collaboration
with the staff of INAIL-DiMEILA and, in particular, we are in debt with Dr.
Giovanna Tranfo, Dr. Antonella Mansi and Dr. Emilia Paba for their competent
and active support.

Thanks are also due to INFN for contributing with access to the facilities and
technical help at different stages of this project and for hosting this meeting.

Corrado Di Natale, University of Roma Tor Vergata
Antonella Macagnano, CNR-IIA
Giancarlo Della Ventura, University of Roma Tre

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023
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IIA-CNR projects and technologies for indoor-outdoor atmo-

spheric monitoring 

Ing. Francesco Petracchini*

PhD, Direttore CNR-IIA

*corresponding author: Francesco Petracchini
Email: francesco.petracchini@iia.cnr.it

Keywords: projects, indoor monitoring, pollutants concentrations, public of-
fices, citizen awareness, advanced technologies 

Given the growing interest regarding the levels of exposure to pollutants to
which citizens are exposed in indoor environments the CNR-IIA has increased
its activities in this field contributing to bridging the knowledge gap in the sec-
tor. In particular studies and monitoring activities have been carried out and are
planned in homes, primary and secondary schools, university offices, hospitals.

One of the main objectives of the research is the identification of the effects of
the habits and behaviours of the inhabitants on the pollutants concentration.
Among the substances subject to investigations there are macro-pollutants such
as nitrogen oxides or atmospheric particulate matter (PM), volatile organic com-
pounds, regulated and unregulated organic micro-pollutants contained within
atmospheric and deposition particulates, such as for example polycyclic aro-
matic hydrocarbons and phthalates. In this regard, it must be emphasized that
the study of organic pollutants indoors is not widespread both nationally and
internationally and that therefore the CNR-IIA is the only Research Center in
Italy to carry out this type of research with this level of detail.

Among the other peculiarities of the IIA regarding indoor air quality are the
first screening activities of unknown compounds within the atmospheric par-

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023
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ticulate, carried out thanks to the use of gas chromatography coupled with ac-
curate and high resolution mass spectrometry, innovative technique and still lit-
tle used for the study of air pollution in our country, but which applied to the
study of the organic fraction of PM can help to provide information on its per-
centage of unexplained toxicity.

These studies were also carried out in domestic environment (cooking food,
cleaning, use of odorizing agents, use of cigarettes and e-cigs, etc.) and also in
larger living environments such as schools, hospitals and public offices.
CNR-IIA was also involving in studies to evaluate the effects of combustions
and subsequent remediation operations indoors, observing that the concentra-
tions of some pollutants remain high on these occasions even for months (as
example: the Fiumicino airport fire). There have been also many monitoring
activities in indoor working environments for the purpose of occupational safety
and health. Several Italian companies have started collaboration with CNR-IIA
to evaluate and improve the performance of pollutant abatement systems for
indoor devices (small household appliances) but also ventilation systems for
large buildings.
These requests increased during thecovid-19 pandemic. During 2020 and 2021
CNR-IIA in collaboration with other Institutes of the CNR and with university
institutes performed study on the efficiency of killing pathogenic microorgan-
isms and the possible co-production/co-killing of chemical species of devices
created ad hoc in emergency.
Regarding studies on indoor pollutant abatement systems, the CNR-IIA, in col-
laboration with other CNR Institutes, has developed a procedure and a new test
structure to investigate the processes of indoor air contaminant removal with
different abatement technologies. The study of devices for the abatement of
xenobiotics and human pathogenic microorganisms was also evaluated in means
of transport. 

Among the active projects of the CNR-IIA it’s important to mention the project
“GrIN-BOX Advanced system for monitoring and controlling indoor air qual-
ity” funded with D.D. of the MIUR n. 428 of 02.14.2014. The project consists
in carrying out research activities on the topic of indoor air quality monitoring
and the abatement of indoor pollutants, with the final objective of designing,
implementing and validating prototypes for monitoring and abatement of pol-
lution indoors.

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023
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In the framework of the Tech4you Innovation Ecosystem funded by the Na-
tional Recovery and Resilience Plan CNR-IIA develops systems for indoor
monitoring in vehicles for regional and urban transport.

In all the assessment activities carried in the past years, CNR-IIA has developed
also citizens awareness campaign related with the exposure to pollutants. With
these aims several seminars were organized and students and inhabitants of the
houses were involved in the measurement activities. In all cases the results were
disseminated, explained and discussed

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023
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Approach to the design of sensor systems for monitoring chem-

ical risk in the workplace

Giovanna Tranfo*

Department of Occupational and Environmental Medicine,
Epidemiology and Hygiene, National Institute for Insur-
ance against Accidents at Work (INAIL), via Fontana Can-
dida 1, 00078 Monte Porzio Catone, Rome, Italy

*corresponding author: Giovanna Tranfo
Email: g.tranfo@inail.it

Keywords: occupational exposure; airborne chemicals; gases; sensors; occu-
pational limit values; specificity; exposure profile; exposure peaks.

The Chemical Agents Risk Laboratory of the Department of Medicine, Epi-
demiology and Environmental and Occupational Hygiene (DiMEILA) of
INAIL has the institutional task of carrying out studies, research and monitoring
aimed at assessing the conditions of chemical pollution in the workplace, to
identify appropriate preventive measures; it also develops and standardizes the
methods of detection, sampling and analysis of chemical pollutants in work and
living environments.
In a workplace more than one substance are present at the same time, and the in-
strument should be able to measure one substance independently from others: the
existing real time instruments are mainly based on characteristics that are common
to chemical classes, like spectrophotometry or electrochemical properties, being
sensitive but not specific enough for the purposes of occupational air monitoring. 
In 2019 the results of the first BRIC project ID 12/2016 were presented. The
objective  was the development of new sensors for volatile organic compounds
(VOSc), as components of direct reading tools, for a real time measure of the
concentration of dangerous chemicals in the air of the workplaces in a sensitive,
specific and reliable way. 
Many different sensors have been developed, having high affinity for different
substances, and the design of a sensor systems for monitoring chemical risk in

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023
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the workplace has been the objective of the following BRIC project, ID7/2019.
The lesson learned in the first BRIC project is that we cannot answer the ques-
tion “What is in the air?” using a single sensor. Also using an array of different
sensors and their combinatorial selectivity, it is still difficult to measure con-
tinuously which are the contaminants of an atmosphere and in which exact
quantities there are present in any time point.
Another characteristic of a workplace atmosphere is that it is not homogeneous,
but its composition depends on the activities that are carried out, and on when
and where they are carried out.
For what above, the new sensor system shall have two characteristics. It must
be composed by many mobile elements and it should be customized.
The mobile elements are personal sensors that the workers can easily wear, and
that are subjected to the same space and time variability of the workers breath-
ing zone. 
Employers’ need for measurement systems for hazardous substances is contin-
uously increasing as occupational exposure limit values   for carcinogens, for
which the law requires measuring the concentrations in the air, have passed
from three in 2016 to eleven in 2021, and they will be 25 in 2024. 
The selection of the particular sensors to be installed on the devices should be
optimized on the basis of the substances that can be present in the specific work-
place. This information is  available in the Risk assessment document of the
company, that according to  the Europen law on the health and safety of the
workers must report the description of the duties of all workers and the related
risks for each working phase. 
Another field explored within this project is the prevention of Biological risks
in the workplace. Traditionally, Biological Risk cannot be measured in air in a
real time manner, as it is generated by living organism who are continuously
reproducing, and whose biological activity is different whether they are alive
or not. In the Bric project, ID7/2019 two new possibilities have been explored
to measure biological agents in the workplace. 
The first method is based on the information that biological agents produce
VOCs that are characteristic of the species, and that they could be used to detect
the presence of a pathogenic specie like Aspergillus fumigatus or legionella
pneumophila.
The second study regards the measure of the S1 spike protein of MERS-CoV,
SARS-CoV and SARS-CoV-2 viruses by their absorption bands through in-
frared vibrational spectroscopy.

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023
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Overview of BRIC’19 Id7 integrated system of mobile and

fixed sensors

Giancarlo Della Ventura1, Antonella Macagnano2,
Giovanna Tranfo3, Corrado Di Natale*4

1Department of Science, University of Rome Tre
2Istituto Inquinamento Atmosferico, CNR 
3 DiMELA, INAIL
4Department of Electronic Engineering, University of
Rome Tor Vergata.

*corresponding author: Corrado Di Natale
Email: dinatale@uniroma2.it

Keywords: Gas sensors, Infrared Spectroscopy, Sensor Network

This project has been built on the results achieved by a previous BRIC project
(BRIC’17 Id12) which was aimed at defining a sensor strategy for the moni-
toring of volatile compounds in working place [1]. The project identified the
array of gas sensors and the infrared spectrophotometry as the optimal solution
for the continuous monitoring of noxious volatile compounds. Furthermore, the
project demonstrated that the same approach can also be followed to detect the
presence of microorganisms.

On these bases, the current project extended these results towards the integration
of mobiles and fixed sensor units with the scope of providing a dynamic map
of the indoor volatile compounds distribution.
For the fixed sensor unit, a combination of various sensors technologies has
been assembled. It is made of an array of gas sensors, a photo-ionization de-
tector (PID), and a far infrared spectrophotometer (see Figure 1).

The gas sensor sytems is an electronic nose made of an array of cross-selective
porphyrinoids coated quartz microbalance sensors coupled with a portfolio of
machine learning algorithms for the identification of individual compounds and
their mixtures. The gas sensors are complemented by a PID. This is a sensitive
but totally unselective device that can provide an evaluation of the total con-

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
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centration of VOCs. Finally, the spectrophotometric unit is a Fourier Transform
Infrared Spectrophotometer that provides the spectral fingerprint of individual
molecules and mixtures. 

Figure 1: Fixed sensors unit made of an infrared spectrophotometer equipped with a
multistep cell and the electronic nose complemented by the PID. 

The mobile units form a wireless sensor systems made of mobile units and fixed
receivers. The mobile units contain 2 gas sensors developed by CNR/IIA and
one commercial element from Bosch company including a SnO2 gas sensorc
complemented by temperature and humidity sensors. Each unit communicates
with fixed nodes placed in strategic positions to enable the localization of the
mobile units. The localization is performed analyzing the power of the received
signals and a machine learning classifier re-trained to provide the localization
respect to a known map. A picture of a mobile unit is shown in figure 2. As
shown in figure 2, the weight and the size are compatible with a wearable ap-
plication, the unit is endowed with a velcro strap to be used as a armband.
In this project the identification of micro-organisms by the released VOCs has
been further pursued. The attention has been focused on the identification of
Legionella strains. The pathogenicity of this bacteria is well known, and the
necessity of rapid identification is crucial in practical applications. In this pro-
ject for the first time the volatilome of Legionella has been studied. Results
with GC-MS evidenced the existence of a Legionella-specific pattern of VOCs
and the identification has been confirmed by the electronic nose data.

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023
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Figure 2: Close view of a mobile sensor system. The two nanosensors developed at
CNR/IIA and the commercial sensor units (Bosch BME680) are visible. On the right,
the unit worn as a armband.
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Suitable nanofibrous architectures of polyvinylpyrrolidone

(PVP) to design VOCs selective sensors in work scenarios
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*corresponding author: Antonella Macagnano
Email: antonella.macagnano@cnr.it
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Polyvinylpyrrolidone (PVP) is an inexpensive and eco-friendly polymer soluble
in water, alcohol and other polar solvents. Commercially it is used as a coating
agent, but is also used in inks, hair products, paints, pesticides and toothpastes
and as a stabilizer in food. In this project, polymeric nanofibers of PVP were
manufactured using the electrospinning technique [Utkarsh et al., 2020]. An
exposure of the fibers to UV-light for a few minutes, resulted in the formation
of radicals and then crosslinking of the polymer chains within the fibers [Ma-
ciejewska et al., 2019]. Such a treated nanofibrous scaffold turned into an in-
soluble (or poorly soluble) layer in several solvents, thus assuming new
chemical-physical properties and greater stability. Therefore, two kind of se-
lective sensors were designed to be used in monitoring working scenarios, and
specifically acetic acid from photographic archives and ammonia from the pro-
duction of agricultural products. To make the nanofibers conductive and highly
sensitive to acetic acid, we opted for functionalizing it by MGC [Avossa et al.,
2018, -2019] (mesoporous nanographene, Merck) both inside fibers (fillers)
and on the surface of the fibers (coatings) by dipping. In this way an extremely

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
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efficient semiconductor was designed even at room temperature, because the
charge carriers were expected to move both along the fiber, and outermost and
innermost parts. Such a sensor architecture, with a huge surface area as well as
binding sites, suggested an efficient sensing layer for the volatile analytes. To
make the layer sensitive and selective to ammonia, we dipped PVP-NFs into a
PEDOT-PSS (Merck) aqueous solution and then in a proper solution of a
tetrapyrrole macrocycle (b-acrolein Ga-corrole, a Lewis acid synthesized by
Prof. Paolesse’s group [Di Natale et al., 2022]) in chloroform (Figure 1). Such
a double-layered nanofibrous sensor resulted conductive, highly sensitive and
selective to ammonia vapours and amines [Macagnano et al., 2020].

Figure 1: (on the left) Molecular structures of the chemicals (polymers and macro-
molecules) used to design the sensor for ammonia (PVP/PEDOT-PSS/GaCorr and AFM
micrographs of the resulting nanofibrous layer at increasing magnifications; (on the
right) layout of IDEs (120 pairs of Pt of 10 x10 µm, gap and electrode) and optical mi-
crographs of electrodes (bare and coated by PVP NFs after UV treatment)

Each nanofibrous layer was obtained by 5 min electrospinning deposition and
then subjected to UV treatment (500W) for 10-15 min in air. Afterward, each
sensor was dipped in the customized functionalizing solutions, with MGC and
GaCorr, respectively, and then tested for sensing the analytes as potential
volatile interfering chemicals.   
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Figure 2: (on the left) Transient electric signals (current changes) of the sensor
PVP/MGC when exposed to injections of vapours (static measurements) of acetic acid,
ammonia, acetaldehyde, ethanol, benzene; (on the right) responses of PVP/PEDOT-
PSS/Ga-Corr to ammonia, amines and a series of further organic chemicals

The sensors were housed in a 1L measurement chamber under a flow of 100
mL/min of environmental air driven by a fan. Comparable volumes of VOCs
were injected into the chamber under the constant flow of air and the related
current changes were recorded by an electrometer (Keithley). In Figure 2 are
depicted the transient responses of each sensor when exposed to different
VOCs. More specifically, PVP/MGC sensor plot depicts a sharp increase in
current when acetic acid vapors (10 ppm) were injected into the measuring
chamber, while no signal was reported for the other tested VOCs (on the left).
Conversely, the plot of the sensor PVP/PEDOT-PSS/GaCorr (on the right) re-
ported the highest electrical signal to NH4OH vapors, while smaller signals for
primary and tertiary amines. Such a sensor didn’t show further significant cur-
rent changes when exposed to other VOCs. In conclusion, two selective sensors
based on PVP nanofibers were designed and developed to quickly reveal dif-
ferent analytes of interest below the workers exposure limits.
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Wireless Sensors Networks (WSNs) and the Internet of Things (IoT) have
attracted increasingly attention in recent years from universities and companies.
WSNs and IoT usually refer to a paradigm where physical devices (e.g., sensors,
actuators, etc.) are connected to each other and to the internet, communicating
smartly. The recent technological advances in low-power devices contributed
to the development of WSN applications ranging from innovative healthcare,
smart agriculture, smart transportation, smart city, smart energy, etc.
In our daily life, we experience these structures, for example, in the field of
Smart Home Systems (SHS) and Smart Health Sensing system (SHSS).
Wireless communication technologies (e.g. Wifi, Zigbee, BLE, LoraWAN and
Sigfox) have experienced also a parallel development and standardization to
enable reliable and wide range transmission data from constrained devices.
However, there are still a lot of challenges and issues that need to be addressed
to exploit the full potential of WSNs like scalability, fault tolerance, quality of
service, (QoS), energy efficiency, security, and self-configuration. 
Finally, data collected from various sensors and actuators must be stored and
processed into one comprehensible, single stream.
Data integration becomes quite tricky considering the several kinds of
information sources. The analysis can be done in multiple ways with custom

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023



25

analysis systems or machine learning analysis techniques. Then the results can
be used to make a wide range of predictions.
In this survey various aspects of WSNs such as strategies, applications,
challenges, enabling technologies, social and environmental impacts will be
discussed and compared.

Figure 1: WSNs network architecture
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Chemical sensors are widely used devices that allow to measure a concentration
of a set of complex molecules such as gases or volatile organic compounds.
There are different types of sensors generally identified by the type of trans-
ducer which is the basis of the detection and transduction mechanism. Indeed,
the variations of the chemical signal (concentration) is generally converted, by
the interacting material, into a variation of one of its physical properties which
can be measured by the used transducer. For this reason, there are different
types of sensors among which the conductivity variation sensors (chemo-resis-
tors) and the dielectric constant variation (chemo-capacitors) are the most com-
mon used. The development of chemical sensors requires a very long laboratory
test phases and needs measuring apparatus capable of acquiring the variation
signals, plotting and storing the data in a personal computer (PC). In this work
we show of a low-cost acquisition board prototype for conductive and capaci-
tive sensors, utilizing only digital ports without the aid of complex analogue
circuits. The values of the signal can variate only in certain predefined ranges.
The proposed system does not replace very accurate measuring instrumentations
such as electrometers, capacity meters, but, aiming the use of a low-cost appli-
cation, it will be a valid aid where the use of complex, expensive electronics. 
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Figure 1: Method to measure resistance or capacitance value of a sensor by using only
digital port and RC circuit.

The method to measure the capacitance of the connected sensor is based on the
measurement of a time (Figure 1). This is a quantity that can be easily measured,
with great precision, by a common microcontroller or microprocessor unit. Sen-
sor is connected to a port of microprocessor that generates the Vin step signal
and another port (analogue to digital convertor port, ADC port) reading the volt-
age Vout. This simple method is based to measure a time elapsed between the
instant when the Vin start and when Vout reaches the 63% of Vin maximum
value. This method is then a simple RC circuit where there is one unknown fac-
tors R or C. Then to measure C we initialize the software with a self-calibration
to read internal time constant that depends by microcontroller port properties.
In addition, inserting a knowing Rk or Ck, in the circuit, it is possible to extend
the range of capacitance values that can be measured. For example, if the ca-
pacitance is in the range of 10pF to 4.7nF, is required a resistor of about 10-
100 KΩ to obtain a RC constant of microseconds. The error of reading depends
on different parameters such as: ADC resolution, Rk and Ck temperature sta-
bility and microcontroller internal clock features. During the tests we have ob-
tained a good resolution for capacitance value, in the range of 1pF – 5 nF, with
a best case of resolution of 0,01 pF. On the other hand, to measure the resistance
value R of conductive sensor, the circuit is converted in a simple partition net-
work and Vout is acquired by ADC port without the information of time con-
stant. A prototype board (capable to read 8 heterogeneous sensors) and an
example of acquired signals are reported in figure 2.
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Figure 2: 3D model of the prototype board, based on Arduino microprocessor (on the
left). Voltage and Capacitance across the sensors during a real measurement (on the
right). The board display is used to report a summary of the performed measurements.

References

1. H. Ishida, Y. Wada and H. Matsukura, “Chemical Sensing in Robotic
Applications: A Review,” in IEEE Sensors Journal, vol. 12, no. 11, pp. 3163-
3173, Nov. 2012.

2. D. M. Wilson, S. Hoyt, J. Janata, K. Booksh and L. Obando, “Chemical
sensors for portable, handheld field instruments,” in IEEE Sensors Journal,
vol. 1, no. 4, pp. 256-274, Dec. 2001, doi: 10.1109/7361.983465.

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023



29

Design and test of conductive sensors toward portable sensing

devices 

Paolo Papa*1, Emiliano Zampetti1, Alessandro
Capocecera1, Antonella Macagnano1

1Istituto sull’Inquinamento Atmosferico-CNR,
(Monterotondo-Rome)

*corresponding author: Paolo Papa
Email: p.papa@iia.cnr.it

Keywords: conductive sensors, VOCs, portable sensing device, ammonia
detection, acetic acid detection 

Volatile Organic Compounds (VOCs) in working scenarios should be constantly
monitored, since they are, sometimes, responsible for acute and chronic diseases
of the workers exposed, for a definite time and at a specific concentration. For
this purpose, within the project, a small, light and portable sensing device, worn
by every operator, has been designed to monitor the volatile organic compounds
to which workers are exposed during their activities. More specifically, in the
present work, a measuring system based on two selective conductive sensors
(to detect Acetic Acid and Ammonia vapours, respectively), a sensor front-end
circuit and a microcontroller unit (Arduino) has been implemented to be housed
into wearable cases. 
Each system features a HiH4001 (Honeywell) relative humidity sensor and an
LM 35 precision temperature sensor.
To test the sensing device features, two different paths of measurements have
been taken into account: one was based on a measuring chamber crossed by a
constant air flow (Figure 1(a)) and the other one on a static diffusion by
injection (Figure 1(b)). 
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Figure 1: Scheme of dynamic flux (a) and static measuring systems (b).

Within both the experiments, known amounts of the target VOCs were added
to the systems to test the sensing features.
For the dynamic approach, the two sensors were exposed to the analytes in a
chamber of 150 mL, under a flux of 100 mL of ambient air, but filtered (from
particulate matter) and used as gas carrier. The humidity (RH%) and tempera-
ture (°C) were constantly monitored. The choice to use the ambient air as gas
carrier was made in order to simulate as much as possible the real conditions,
where these devices are thought to be used (e.g. mounted on the operator’s arm
in film archives or nitrogenous fertilizer factories). Therefore different volumes
of the analytes (e.g. 0.5, 1.0, and 2.0 mL) were injected into the entering tube
using a gas-tight syringe, Figure 2. The plot depicts very fast responses to both
the analytes, confirming the selectivity of each sensor. 

Figure 2: Selective responses of the two sensors to Ammonia and Acetic Acid vapors,
respectively
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Different tests were performed exposing the sensors in a measuring chamber, under
static conditions, and injecting (through a gas tight syringe) defined volumes of
vapours, then letting the sensors to monitor the analyte diffusion (Figure 3). 
On the left, both the sensors were exposed to different concentrations of Acetic
Acid. Following each response plateau (at equilibrium), the measuring chamber
was open to the ambient air to allow the desorption of the VOCs from the sensors. 
On the right, the sensors were exposed to increasing concentrations of ammonia
without providing any desorption strategy (step-like signals). 
However, in the both the cases, even if with longer and slower responses, due to
the time required from the diffusion in the measurement chamber, sensors con-
firmed their selective behaviour to each analyte.
Furthermore, such measurements suggested the double chance for the sensing
device, to be used in both static and dynamic conditions, according to the required
necessity of the environmental measurements in work scenarios.

Figure 3: Injections of two vapours types and their different response.
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The exposure to gaseous chemical substances is a major concern for people’s
health in workplaces [1]. A system that measures the concentration of harmful
substances close to each worker is an optimal solution to monitor the safety of
the work environment over the time [2]. For this reason, we designed and real-
ized a Wireless Sensor Network (WSN) of wearable devices. The sensing nodes,
which are applied to the workers’ arm, are equipped with a general purpose,
total-VOCs sensitive, metal oxide-based gas sensor (BME680, Bosch). To en-
hance the sensing capabilities the node is designed to accommodate also other
custom gas sensors. A low-cost, low-power, microcontroller has the purpose to
collect the data from the sensors, and communicate this information using Blue-
tooth Low Energy (BLE) technology. The latter is particularly suitable for the
application considering its low power consumption and the high reliability. The
whole mobile system was completed with a battery and integrated in a custom-
designed 3d-printed case. 
Anyway, the rapid detection of excessive concentration of chemical substances
is not the unique concern when dangerous situations occur. A useful information
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to rapidly restore safety conditions is the position of the chemical source. While
we cannot have the exact location of the leakage, we can track the workers to
get the position of the exposed ones. To reach this scope we used the power of
the received communication, called Received Signal Strength Indication
(RSSI), as feature correlated with distance [3]. To evaluate the position on the
monitored area it is mandatory to collect the distance of the mobile devices
from multiple receivers located in different positions. For this reason we added
to the WSN three fixed nodes, the mobile devices will communicate to these
receivers the information collected by the sensors. The fixed nodes have the
purpose to deliver to a central station the sensor signals of each node, as well
as the RSSI of every communication. 
Once the information has been received by the central station, which is a com-
puter running a custom Graphical User Interface (GUI), it will evaluate the po-
sition of the mobile nodes running machine learning algorithms to the RSSI
data. The live position of the mobile nodes, as well as the sensors’ signals are
shown to the user by the station. 
The implementation of the WSN has been followed by experiments to test the
localization as well as the sensing capabilities of the network. We demonstrated
that machine learning based localization strategies are capable to adapt easily
to different working environments ensuring satisfying performances.
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Human exposure to Volatile Organic Compounds (VOCs) and their presence
in indoor and working environments is recognized as a serious health risk, caus-
ing impairment of varying severity. Different detecting systems able to monitor
VOCs are available, however they have significant limitations for both sensi-
tivity and chemical discrimination capability. For this reason, we test the feasi-
bility of Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy as an
alternative, powerful tool for quantifying VOCs in air. Notably, the potential
of Mid-Infrared (MIR) spectroscopy is related to the numerous absorption mo-
lecular lines of interest that may allow to identify gas-phase VOCs. Mid-IR vi-
brations ensures high selectivity and sensitivity for ambient-level detection
(typically in the ppb range) of common hazardous air pollutants, which are typ-
ically strong IR absorbers. During the project (INAIL-BRIC 2016 ID-12 we
calibrated the method for a set of compounds: styrene, acetone, ethanol and iso-
propanol by using both laboratory and portable infrared spectrometers [1]. 

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023



36

Figure 1: Layout of the MIR experiments on VOCs. 

The aim of the second phase of this research, developed thanks to the support of
the INAIL-BRIC ID-07/2019 project was the improvement of the setup perform-
ance using a multipass cell in order to extend the sensitivity of the apparatus
down to the part per million (ppb) level. Considering that multipass cells are
now available also as portable instruments, the results of this study open the way
to the design of new high-resolution devices for environmental monitoring. 

Figure 2: Correlation among selected peak areas and measured amounts of VOCs inside
the chamber (redrawn from [2]).
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A schematic view of the used set up is given in Figure 1: the multipass gas cell,
located in the sample compartment of the Vertex 70v Michelson interferometer,
was connected to a sealed evaporation chamber. The Photoionization Detector
(PID) system was installed on top of the evaporation chamber and was con-
nected to a computer for real-time monitoring of the evaporated VOCs. Styrene,
acetone, ethanol and isopropanol were individually measured to obtain accurate
calibration curves. All gas-phase VOCs we measured exhibited linear relation-
ships (Fig. 2) between the integrated absorbance of the specific vibrational
bands and the corresponding concentrations provided by independent measure-
ments using the PID. The calibrated curves provide a reliable method to obtain
sub-ppmv concentrations well below the PID detection capability, as observed,
in particular, for styrene.
In order to mimic real “conditions” present in indoor environments, binary and
ternary VOCs mixtures were also prepared and analyzed. The obtained results
clearly point out the capability of this setup to discriminate the different chem-
ical species simultaneously present in the atmosphere, thanks to their unique
spectral features. In particular, when measured mixtures whose total concen-
tration fell within the PID detection range, this spectroscopic approach allowed
to resolve the concentration of each individual component otherwise not avail-
able with the PID sensor. The results of our study thus pave the way toward the
design of improved compact (and portable) air-quality monitoring devices ca-
pable of discriminating VOCs present simultaneously in the atmosphere, quan-
tifying them down to the sub-ppmv range.
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The exposure to biological agents in living and working environments can cause
diseases of an infectious, allergic, toxic and carcinogenic nature. Directive
2000/54/EC on the protection of workers from risks related to exposure to bi-
ological agents at work defines ‘biological agents’ as microorganisms, including
those which have been genetically modified, cell cultures and human endopar-
asites, which may be able to provoke any infection, allergy or toxicity. It clas-
sifies the biological agents into four classes of risk on the basis of potential
according to their potential to cause disease, the severity of disease and the ex-
tent of the possibilities for prevention and treatment [1]. In Italy, the Legislative
Decree 81/2008 (Title X and X-bis) provides the tools for assessing biological
risk and prescribes the measures for the health and safety of exposed workers. 
The Biological Agents Risk Laboratory of the Department of Medicine, Epi-
demiology and Environmental and Occupational Hygiene (DiMEILA) of
INAIL carries out research activity aimed at preventing and controlling the ex-
posure risk to biological agents in working and living environments. Briefly,
the research activity focuses on i) detection and qualitative-quantitative evalu-
ation  of biological agents in environmental matrices and biological samples
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through innovative methods; ii) identification of exposure markers to biological
agents and assessment of individual susceptibility to airborne allergens; iii) de-
velopment and standardization of sampling and analysis methods; iv) identifi-
cation of criteria for assessing exposure to pathogens through epidemiological
studies and prevention measures also in scenarios of health emergencies of in-
fectious origin. 
The scientific knowledge on biological risk is nowadays limited and often un-
derestimated as compared to other occupational risks. This is due to the lack of
Occupational Exposure Limit (OELs) values that allow the assessment of the
exposure risk to biological agents. However, with regard to some contaminants
of biological origin (endotoxin, mycotoxin, allergens and volatile organic com-
pounds) detectable by chemical, immunological or biological assays, validation
methods are rapidly progressing and some European Member States already
set exposure limits for some of these [2]. 
In recent years, research has made significant progress in the assessment of ex-
posure to bioaerosols in the workplace, but there are still gaps in knowledge
and technical problems that have yet to be investigated. For example, there are
no universal sampling techniques suitable for the large morphological and bio-
chemical variety of airborne biological agents whose presence has been corre-
lated with a wide range of health effects, including respiratory diseases
(bronchitis, asthma and hypersensitivity pneumonia), skin problems and gas-
trointestinal symptoms. Similarly, existing microbial detection and identifica-
tion systems often require long lead times and highly specialised personnel. For
this reason, research should be increasingly oriented towards the development
of rapid and reliable analytical methods that overcome the limitations of tradi-
tional cultural methods and provide quick information to take decision about
the implementation of appropriate prevention measures. In this regard, the Eu-
ropean Agency for Safety and Health at Work (EU-OSHA) considers one of
the research priorities, the development of rapid and innovative methodologies
for the detection of airborne biological agents that represent a risk to occupa-
tional health [3].
Among these, the bacterial species belonging to the genus Legionella cause a
severe pneumonia in humans called Legionnaires’ Disease (LD). In particolare,
Legionella pneumophila is considered the most pathogenic species being re-
sponsible for most cases of Legionnaires’ Disease in several european countries
where an increase in the number of cases have been recorded in recent years.
These bacteria are ubiquitous and proliferate in natural freshwater habitats from
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which they may entry into man-made water systems such as those of water dis-
tribution, air-conditioning units, cooling towers, etc. Several community-ac-
quired cases of Legionellosis have been attributed to inhalation of infectious
aerosols from showers, hot tubs, pools, irrigation systems, ornamental fountains,
humidifiers, etc. There is evidence that the presence of devices generating
aerosol and environmental conditions suitable for bacterial growth are linked
to the proliferation and transmission of the microorganism from environment
sources to humans [4]. For this reason, the assessment of exposure risk to Le-
gionella is essential in all living and working environments in order to imple-
ment appropriate prevention and control measures. 
Currently, the main techniques used to detect Legionella spp. are the molecular
methods (PCR or qPCR) and the culture method. The first are rapid but the
main drawback is represented by fact that they are not able to distinguish be-
tween viable and not viable bacterial cells. As regards instead the culture
method, it is time-consuming (7-10 days) and moreover and presents high vari-
ability in enumeration being unable to detect Viable But Not Culturable
(VBNC) cells, still alive but unable to grow on the routine bacteriological media
[5]. Thus, it emerges the necessity to develop rapid methods capable of detect-
ing Legionella in order to monitor water quality and prevent the spread of new
cases of Legionellosis during an outbreak.
In recent years, the procedures for assessing exposure to biological agents have
also focused on the detection of indicators of microbiological contamination
such as microbial Volatile Organic Compounds (mVOCs), components of the
cell membrane, products of primary metabolism and secondary microbial, etc
[6]. Sensor arrays have also been successfully applied for the detection and
identification of chemical substances that can be attribute to specific biological
agents would allow the timely identification of any exposure peaks and the
monitoring of sources of release of biological agents potentially harmful to
health [7]. Through the development of direct measuring techniques for the de-
tection of biological agents could be thus possible to make rapid decisions about
suitable preventive and protective measures in workplaces.
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Environmental and food contamination by filamentous fungi may lead to the
release of compounds, like mycotoxins, spores and allergens that can cause
harmful effects to human health. Therefore, their detection is essential to iden-
tify and implement appropriate prevention and control strategies.
The standard methods used to identify moulds include visual inspection, cul-
turing, biochemical tests and Polymerase Chain Reaction (PCR). Although re-
liable, specific and sensitive, these approaches are expensive, time-consuming
and labor-intensive. 
Alternative techniques consider the analysis of released volatile metabolites,
better known as “volatilome”. The measure of volatile compounds (VOCs) is
considered even more attractive in many different fields, including clinical di-
agnosis and environmental monitoring [1-3].
VOCs typically occur as a complex mixture of low-molecular weight com-
pounds belonging to different chemical classes (alcohols, ketones, aldehydes,
etc) whose profile is strictly related to microbial species and growing condi-
tions [4]. 
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These compounds are potentially detectable before any microbial growth vis-
ible sign, thus improving their worldwide use as early indicators of biocon-
tamination. Furthermore, it has been shown that species-specific mVOCs may
serve as chemical markers for the detection of pathogens in indoor environ-
ments [5].  
Gas chromatography linked to mass spectrometry (GC–MS) is actually the gold
standard for the analysis of mVOCs due to its high separation capability and
highly sensitive detection performance; it allows the measure of single com-
pounds, thus making available the microbial identification only by detecting
the related, supposed metabolite species [6]. 
However, the selection of specific compounds is normally considered hard to
perform due to the great amount of different metabolites produced by fungi.
Their metabolites detection should be therefore based rather on a group of sub-
stances than on individual products.
Cross-selective sensors arrays (electronic noses) fit with this requirement since
they use the differences of compounds’ profiles to distinguish among different
chemical classes, without separate the mixture into its individual components. 
In order to deeply assess this issue, the headspace of three species belonging to
Aspergillus genus frequently involved in environmental contaminations and as-
sociated with human diseases, were measured by an array of porphyrins-func-
tionalized quartz crystal microbalance (QMB) sensors, designed and developed
at the University of Rome Tor Vergata, to correlate volatile organic compound
patterns with fungal species and growth time [7].  
To this end, metabolites release was measured 3, 5, and 10 days after the first
inoculation directly from the headspace of the Petri dish with a suitable cap en-
dowed with tubing inlet.
In our study Electronic nose detected the presence of moulds compared to the
control  samples, however the discrimination of species may vary with the cul-
tivation time. 
LDA was used to calculate a classifier for the recognition of three strains, A.
niger, A. flavus, and A. fumigatus.

Table 1 shows the confusion matrix for the mean of the accuracy distribution
in the training and test sets. A total of 88.2% of the samples were correctly iden-
tified in training and 71.4% in test. Thus, even if the variability due to the dif-
ferent strains is residual with respect to the incubation time, it enables the
identification of the species of Aspergillus.
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Training

                              Asp. niger                   Asp. flavus                Asp. fumigatus

Asp. niger                     11                                 1                                  1

Asp. flavus                    1                                  8                                  0

Asp. fumigatus              0                                  1                                 11

Test

                              Asp. niger                   Asp. flavus                Asp. fumigatus

Asp. niger                      4                                  1                                  0

Asp. flavus                    0                                  2                                  0

Asp. fumigatus              0                                  3                                  4

Table 1: Confusion matrix of the LDA model in training and test. Correct identifications
are emphasized with bold font.

Further studies should investigate the chemistry of Aspergillus genus volatilome
to enable a careful selection of sensitive materials to design electronic noses
that could be used for simple and rapid detection of moulds contamination.
Such studies will require a wider experimental design including growth in
different media and incubation parameters (e.g., temperature and humidity). 
Finally, the extension to other species of the Aspergillus genus should be
considered for a thorough appraisal of the ability of electronic noses to identify
similar microorganisms.
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In the BRIC 2019-ID 07 project, the possibility to discriminate Legionella pneu-
mophila cultures, respect to other Legionella species and Pseudomonas aerug-
inosa, by volatolomic analysis, using an electronic nose has been evaluated.
Legionella pneumophila, especially serogroup 1, is the leading cause of infec-
tion causing Legionnaires’ disease (LD) worldwide. It consists of dangerous
form of infection by Legionella bacteria, characterized by a serious pneumonic
lung symptoms, leading to a rapidly fatal pneumonia [1].
Legionella species are waterborne pathogens and they occur in natural fresh-
water habitats and gain entry in-to man-made water systems [2]. The most com-
mon form of transmission to humans occurs mainly via inhalation of
Legionella-contaminated aerosols and subsequent bacterial replication within
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alveolar macrophages. In workplaces, Legionella can proliferate in air condi-
tioning systems, sanitary systems, pipes, siphons for showers and taps, foun-
tains, cooling towers, water tanks and, in general, water basins with
temperatures be-tween 20 and 50 °C [3]. For this reason, the assessment of ex-
posure risk to Legionella is essential in all living and working environments in
order to identify and implement appropriate prevention measures. Actually, the
two main ways to detect Legionella spp. are the culture and polymerase chain
reaction (PCR) methods [4]. Both techniques present inevitable limitations such
as the require of qualified personnel in recognition and enumeration of Le-
gionella colonies, long operating times for agar plate culture while PCR-based
methods are not able to distinguish between not viable and viable cells. Thus,
it is clear the necessity to develop a rapid and reliable method, capable of de-
tecting Legionella contamination in environmental water samples, monitor
water quality and prevent the spread of new cases during LD outbreak.
To this purpose, the identification of microorganisms through the analysis of
their volatile metabolites is suggested as a viable alternative to long and costly
microbiology procedures.
It is indeed known that microorganisms produce a wide range of volatile organic
compounds (VOCs), that are correlated with microbial species and strains [5]. 
Although gas chromatography linked to the various declination of mass spec-
trometers, has been fruitfully applied for the identification of bacteria from their
volatolome, it is costly, bulky and it needs trained operators. 
To overcome this drawbacks, cross-reactive sensor arrays (also known as elec-
tronic noses) have been proposed and investigated as a new tool to rapidly pro-
file complex chemical and biological samples. These devices generate patterns
of sensor signals from the sample that can be subsequently classified by pattern
recognition algorithms to identify the origin of complex VOC matrices. The
capability of this approach to identify bacteria has been already reported [6].
In this project an electronic nose based on an array of 10 quartz microbalances
(QMB) each coated with a different porphyrinoids [7] has been applied for in
vitro L. pneumophila identification.
VOCs released by cultures of L.pneumophila, other Legionella species and P. aerug-
inosa have been analysed. The microorganisms have been inoculated into BYEα
broth in 20 ml glass vials and measured after 3 and 7 days after incubation.
The analysis of sensor data by k-Nearest Neighbour algorithm, allows to dis-
criminate L. pneumophila with a sensitivity of around 89% respect to the con-
sidered bacteria samples. 
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Obtained results are promising in order to use this device for further analysis
aimed to identify the presence of legionella also in environmental samples
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The recent pandemic crises, the latest being CoVID-19, are burdening the
healthcare systems, seriously threating societal and economic stability. They
revealed the issues related to the unpreparedness of managing a pandemic crisis
and monitoring its complex evolution which depends by important aspects such
as air-quality, especially in workplaces. Therefore, effective virus diagnostic
methods, based on rapid, reliable and accurate monitoring, can contribute to-
ward controlling and preventing future pandemic events.
Although many conventional molecular and immuno-based techniques are
widely used for these purposes (see Fig. 1), they still have some drawbacks
concerning sensitivity, safety, laboriousness, long-term collection and data anal-
ysis. In this framework, since these methods are still limited, there is a need for
new, accurate and highly sensitive alternative solutions. Various biosensor plat-
forms have been proposed, based on electrical, mechanical, optical and plas-
monic approaches (Galstyan et al 2020, Di Fabrizio et al 2021, Mauriz 2020,
Moon et al 2020). All of them are promising applications suitable for laboratory
and clinical/medical investigations, with a high potential for compact, portable,
real-time and label-free sensing. Among these different genres of approaches,
biosensor platforms based on optical detection have gained considerable atten-
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tion, such as THz spectroscopy, also in combination with THz nano- and meta-
materials.

Figure 1: Graphical illustration of the main processes for the detection of pathogens,
currently in use.

THz region of the electromagnetic spectrum has been often ignored because of
the techno-logical difficulties in THz generation and detection. In recent years,
THz technology has grown, driven by improvements in sources, detector re-
sponses and the availability of new materials, promoting the diffusion of THz
research into various areas (Galstyan et al 2020, D’Arco et al 2020, Di Fabrizio
et al 2021, Di Fabrizio et al 2021b, D’Arco et al 2022).
In the framework of biomedical and biochemical applications, THz radiation
(4 meV = 1 THz), is largely appealing because its low photon energy (unable
to heat materials or to induce atoms/molecules ionization), provides nonde-
structive and non-ionizing sensing, in contrast with other optical techniques,
including ultraviolet or x-rays, where the high energy photons (>> eV) cause
direct biological damage on the sample. In addition, rotational and vibrational
molecular modes, and intermolecular vibrations, such as hydrogen bonds typ-
ically dominate the THz frequency region. Therefore, THz techniques directly
identify the spectral properties of material and offer chemical specificity to
imaging experiments, which can be efficiently done in label-free and non-con-
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tact modes. On the other hand, the high sensitivity to water and the low spatial
resolution (around 100 um) are the main drawbacks of THz radiation. The ex-
treme sensitivity of THz radiation to polar molecules, specifically water, re-
stricts the THz waves penetrability from tens to hundred microns in hydrated
samples, preventing wide technological spread in biological fields (D’Arco et
al. 2020). Referring to THz spectroscopy, many layouts and materials are used
for THz signal collection, showing high performance in terms of the signal-to-
noise ratio (SNR) and coherent detection mode. An example of THz time-do-
main spectrometer is reported in Fig. 2.

Figure 2: Schematic layout of a typical THz-TDS setup in transmission mode based on
switched photoconductive antennas (PCAs). A femtosecond near-IR (NIR) laser beam
is divided in two parts by a beam splitter. Some mirrors (M) convey the laser beams to
the THz emitter and receiver, where they are focused by a NIR lens. Here the THz beam
is produced and detected, respectively. A stack of transparent THz lenses collimates
and focuses THz radiation along the path and a gas cell is inserted into the THz
propagation region. The acquisition chain consists of a Lock-in amplifier (LIA), a data
acquisition card (DAQ) and a personal computer for data collection and analysis. The
optical delay line is used to sample the THz pulse in the time domain. The presented
THz-TDS setup is available at Terahertz laboratory, University of Rome ‘La Sapienza’.
(Galstyan et al. 2020)
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Although THz spectroscopy has been used for the study of the optical proper-
ties, such as refractive index and absorption coefficient, of different genres of
pathogens, the THz wavelength are much larger than the viruses and viral par-
ticle sizes. This results in very low spatial resolution and reduced sensitivity.
However, the incredible advancements in optics, make it possible to maximize
the interaction between radiation–biomaterial utilizing plasmonic and metama-
terial-based biosensors.

Meta- and nanomaterials, operating in the THz frequency region, are an appeal-
ing alternative and guarantee a great potential for high-speed, on-site and
label-free point-of-care virus detection. Some previously reviewed plasmonic
platforms, such as planar met-al-dielectric biosensors, need simple and smart
fabrication techniques to reach low LODs. We explored pioneering studies in
THz virus sensing and reported the technological efforts in THz metamaterial
optical biosensors, highlighting the flexibility of a variety of geometric struc-
tures, their sensitivity and LODs for various viruses. However, the strong po-
tential of THz-based virus detection is still in its initial development steps and
far from clinical use. Nevertheless, recent technological improvements in man-
ufacturing and miniaturizing THz layouts promise to enhance the performances
of meta- and nano-sensors, achieving sensitivities higher than traditional/con-
ventional devices and even to permit remote location and control.
Finally, recent machine learning applications have garnered great acclaim in
several scientific fields, including sensor design, where the behavior of inte-
grated metamaterial systems has been explored. 
Deep learning methods have also been successfully used to predict potential
correlations among plasmonic geometric structures, their optical parameters
and the resulting resonance spectra. Research based on new photonic materials,
such as topological insulators and quantum photonics devices, offer promising
ideas for THz biosensing. 
In this framework of continuous evolution, we are exploring the emerging and
challenging THz radiation technology and its solutions and applications for
viral high-sensitive detection.
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Quantum Sensing is a rapidly growing branch of research within the area of
quantum science and technology offering key resources, beyond classical ones,
with clear potential for commercialisation of novel (quantum) sensors. Quantum
systems or phenomena can be used as probes for the quantum or classical en-
vironment: leveraging the intrinsic sensitivity of the quantum world to external
perturbations, quantum-enhanced sensing can enable unprecedented perfor-
mance in terms of accuracy, stability, sensitivity and precision. The physical
implementation of the quantum sensors can vary, e.g. photons, atoms, ions,
electronic states, nuclear or electronic spins, superconducting or other solid
state qubits. Each approach has specific advantages / limitations and varying
levels of TRL for different applications. 
The activity of our lab is focused on the exploitation of quantum resources of-
fered by photons to boost the performance of novel quantum sensors, drawing
an innovative programme of challenging applications. We are building on the
idea of the Quantum Ghost Spectroscopy (QGS), i.e. the counterpart in the fre-
quency domain of Quantum Ghost Imaging (QGI), and we are addressing chal-
lenges in basic research, targeting novel applications. Ghost imaging (GI) is a
sophisticated method to image an object without analysing the light that passed
through it. 
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Figure 1: QGI vs QGS. T: target

The framework of QGI extends such possibility to the quantum domain usually
through the use of spatial quantum correlations of pairs of photons generated
via Spontaneous Parametric Down Conversion (SPDC). However, focusing on
spatial correlations only is quite restrictive, as such correlations can be in the
spectral or polarization domain as well. In fact, each photon is in a superposition
of several possible modes (spatial, frequency or polarization), all of which arrive
on the object, and are then measured by a mode-insensitive bucket detector.
Due to the correlations intrinsic to the pair-production process, the analysis of
one of the correlated photons provides information on what has occurred to its
twin [cf. Fig.1 for a schematic comparison between QGI and QGS]. Therefore,
if the SPDC source generates pairs of photons in a nondegenerate configuration,
i.e. belonging to different wavelength ranges (the first in the visible and the
second in the infrared range), it could be possible to link infrared (IR) and vis-
ible components of the emission in such a way that spectral information in the
former range can be assessed by looking only at the latter. This means that the
requirements for accurate measurements are shifted from the IR to the visible
domain, for which much more solid, reliable and cost-effective solutions are
available. Hence, the time-frequency domain reveals a huge potential for several
applications and frequency correlations represent a versatile tool that can be
exploited to enable the spectral analysis of objects where a direct measurement
would not be feasible. 
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Figure 2: SPDC pairs of entangled photons are generated at different wavelengths: one
in the NIR and the other one in the VIS range running through two different optical
paths. The first passes through the sample to be analyzed and reaches a detector
producing a signal for the spectrometer placed on path of the second photon allowing
to measure how many photons have a certain wavelength. Repeating the operation many
times it is possible to obtain the absorption spectrum characterizing the sample. Thanks
to the quantum properties of our photons, this sensor can detect the presence of several
possible threat by measuring a radiation which did not interacted with it.

The HADES project [1], coordinated by ENEA, aims at developing innovative
advanced quantum technologies for the detection of several possible harmful
threats showing optical properties in the NIR and MIR spectral regions (e.g.
Harmful gases - NH3, CO2, CH4, H2S, Explosives -Acetylene (C2H2)-,
VOCs, Military chemical weapons -Mustard gas, Sarin-) based on the QGS
approach combining spatial-resolved measurement and time-frequency
entanglement [See Fig.2]. 
The first results of the project are reported in [2] where we experimentally
demonstrated the metrological advantage achievable in GS through the use of
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quantum frequency correlations with respect to the classical approach. We have
investigated in which conditions a QGS setup may provide enhanced parameter
estimation. We have illustrated this with an experiment of QGS performing the
measurement of a bandpass filter. 

Figure 3: The estimation of the transmittivity of a bandpass filter (IF) was performed
using frequency-entangled photon pairs. A 30 mW CW laser @405 nm pumps a 3-mm
non-collinear Type I BBO crystal, producing SPDC photon pairs @810 nm. One photon
is sent through an IF with FWHM 7.3 nm, and detected with a bucket detector.
Frequency detection is performed on the second photon (grating+detector).

The object to be imaged has been modelled as a collection of K values of
transmittivity Tk, 1<k<K, each associated to a spatial mode. We have then
compared the measurement precision with that of an analogous classical scheme
using thermal modes. 
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Figure 4: a-c) Transmittivities for a) K=10, b) K=50, and c) K= 100 modes. The points
in panel c) are obtained directly from the measured counts, while for the points in panels
a and b, the reduced resolution is mimicked by summing the collected signals over
multiple modes. The observed profile follows the expected 4th order supergaussian. d-

e) Experimental errors for d) K= 10, e) K=50, and f) K=100 modes. Green: quantum

strategy Δ2Tk = Tk(1-Tk)Nk, Tk = Ck/Nk, Ck: the coincidence counts, 
Nk: the total counts of the spectrometer detector for the k-th mode (these correspond
to the error bars in the panels (a-c)). Purple: classical uncertainties evaluated via the
error propagation and further calculation.

Figure 5: Measured errors for the quantum strategy (green circles), and the estimated
errors for the classical one obtained by propagation (purple triangles) and by the

Cramer-Rao Bound (pink squares), at fixed number of cumulative resources Ntot for
a) K=3, b) K=5, c) K=7, and d) K=9 modes.
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Our analysis shows that adopting the quantum strategy can be favourable in
specific conditions, dictated by the values of the Tk and by resolution of the
modes. The higher the resolution and the lower the transmittivities, the greater
the enhancement that can be achieved through quantum estimation [See
Fig.4,5].

Further activities:
- realization of the final setup with a non-degenerate source of SPDC photons

and tests with real targets;
- employment of NNs in the quantum domain to obtain denoised

measurements with a reduced requirement of experimental resources [3];
- possible biomed applications due to several technical advantages, e.g.

possibility to work with low-flux radiation.

References

1. https://www.hades-sps.it/
2. A. Chiuri, et al. (2022) Ghost imaging as loss estimation: Quantum versus

classical schemes, Phys. Rev. A, 105, 013506.
3. M. Guarneri, et al (2022) Simplified Quantum Process Characterization by

Specialised Neural Networks, https://doi.org/10.48550/arXiv.2211.11655

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023



60

BRIC ID 7/2019 project: “An integrated array of fixed and mobile sensors for dynamical spatio-
temporal mapping of volatile compounds in work environments”. Rome, February 21, 2023

Authors Index

Valerio Allegra: 24, 33

Ilaria Amori: 38, 42

Federico Angelini: 54

Marco Barbieri: 54

Alessandro Capocecera: 26, 29

Rosamaria Capuano: 24, 33, 42, 46

Alexandro Catini: 24, 33, 46

Alessandra Chiominto: 

Andrea Chiuri: 38, 42, 46

Annalisa D’Arco: 35, 49

Fabrizio De Cesare: 20

Luigi De Dominicis: 54

Giancarlo Della Ventura: 9, 17, 35, 49

Corrado Di Natale: 9, 17, 20, 24, 33,
42, 46

Ilaria Gianani: 54

Marco G. Genoni: 54

Andrea Gordiani: 46

Massimiliano Guarneri: 54

Stefano Lupi: 35, 49

Antonella Macagnano: 9, 17, 20, 26, 29

Salvatore Macis: 35

Maria Aurora Mancuso: 26

Antonella Mansi: 38, 42, 46

Augusto Marcelli: 35, 49

Anna Maria Marcelloni: 38, 42, 46

Lorenzo Mosesso: 35

Emilia Paba: 38, 42, 46

Roberto Paolesse: 20, 46

Maria Chiara Paolozzi: 35

Paolo Papa: 20, 26, 29

Leonardo Papale: 24, 33

Francesco Petracchini: 11, 26

Anna Rita Proietto: 38, 42, 46

Francesco Radica: 35

Simone Santoro: 54

Giovanna Tranfo: 7, 14, 17, 20, 26,
33, 35, 38, 42, 46

Emiliano Zampetti: 20, 26, 29






