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� A novel, biocompatible smart face
mask capable of continuously
monitoring respiration and analyzing
health data is presented.

� The fabrication process entails the
deposition of graphene-based
nanocomposite over commercial
surgical masks.

� The smart face mask is comfortable,
user-friendly, and detects respiration
rate without compromising
wearability.

� The smart face mask exhibits a fast
response time (�42 ms) and long-
lasting durability (greater than 1000
cycles).

� The smart face mask communicates
to a custom-made mobile App to
monitor respiration and send alerts
for cough or dyspnea.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 5 October 2022
Revised 20 April 2023
Accepted 26 April 2023
Available online 2 May 2023

Keywords:
Wearable sensing device
Graphene and Advanced materials
Smart face mask
Piezoresistive sensor
Respiration monitoring
Real-time monitoring
a b s t r a c t

After the pandemic of SARS-CoV-2, the use of face-masks is considered the most effective way to prevent
the spread of virus-containing respiratory fluid. As the virus targets the lungs directly, causing shortness
of breath, continuous respiratory monitoring is crucial for evaluating health status. Therefore, the need
for a smart face mask (SFM) capable of wirelessly monitoring human respiration in real-time has gained
enormous attention. However, some challenges in developing these devices should be solved to make
practical use of them possible. One key issue is to design a wearable SFM that is biocompatible and
has fast responsivity for non-invasive and real-time tracking of respiration signals. Herein, we present
a cost-effective and straightforward solution to produce innovative SFMs by depositing graphene-
based coatings over commercial surgical masks. In particular, graphene nanoplatelets (GNPs) are inte-
grated into a polycaprolactone (PCL) polymeric matrix. The resulting SFMs are characterized morpholog-
ically, and their electrical, electromechanical, and sensing properties are fully assessed. The proposed
SFM exhibits remarkable durability (greater than1000 cycles) and excellent fast response time
(�42 ms), providing simultaneously normal and abnormal breath signals with clear differentiation.
e, Italy.
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Finally, a developed mobile application monitors the mask wearer’s breathing pattern wirelessly and pro-
vides alerts without compromising user-friendliness and comfort.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In late 2019, the Covid-19 pandemic quickly spread worldwide
and jeopardized global health in more than 200 countries, espe-
cially in densely populated areas [1]. Therefore, some global strate-
gies and adequate measures have been made to curb further virus
expansions, including hand hygiene, social distancing, wearing a
face-mask, and later vaccination. However, at the moment vaccines
cannot guarantee complete immunity [2], so face masks are still
considered the most effective method for preventing the spread
of virus-containing respiratory fluid, which is the primary way of
transmission. As the virus attacks the lungs directly, causing symp-
toms similar to pneumonia and shortness of breath, continuous
respiration monitoring is crucial for determining health status as
it provides vital information about an individual. Thus, the need
for a remote system capable of monitoring the vital sign parame-
ters of the patient has led to the development of smart face-
masks (SFMs), allowing healthcare staff to maintain the required
distance and constantly control patients’ respiration conditions
[3,4]. Moreover, in recent years there has been increasing interest
in developing these new wearable devices due to their significant
advantages compared to traditional respiration monitoring tech-
niques, such as impedance pneumography [5], optical sensors
[6], and ballistocardiogram (BCG) [7]. In fact, these conventional
methods require expensive, cumbersome structures and external
power sources. Furthermore, they lack fast response time, high
breathing tracking quality, and user comfort [8]. Hence, the use
of SFMs allows us to overcome traditional breath-monitoring sys-
tems’ limitations and it is believed that it will open the door to
many different applications [9].

Briefly, SFMs are designed for two main purposes, both con-
tributing to the control and inhibition of respiratory diseases: (i)
evaluating breathing conditions accurately and (ii) improving air-
borne pathogen filtration, such as the COVID-19 virus [10,11].
Indeed, different single-mode and multi-mode [12] wearable
breath sensors for continuous human respiration have been devel-
oped. Although multi-modal sensors can detect multi signals and
simplify signal processing, their mass production is challenging
due to costly materials and fabrication process complexity
[12,13]. To date, extensive research has proposed monomodal flex-
ible sensors employing various sensing mechanisms to realize res-
piration monitoring, including humidity, pressure, and strain.

Many humidity sensors with good stability in the humid envi-
ronment are designed to track breathing by measuring the relative
humidity of exhaled and inhaled air. However, some of them are
rigid and realized with metal particles [14–16] or prepared using
costly fabrication methods [17,18] or employ interdigitated metal-
lic electrodes [18,19].

Non-self-powered and self-powered pressure sensors have also
been utilized for respiration monitoring applications. In non-self-
powered prototypes, the need for an external power supply brings
some limitations like high cost, complexity, and heavyweight
[20,21]. These constraints have been overcome by adopting self-
powered pressure sensors based on piezoelectric and electrostatic
induction principles [20,22]. However, most existing self-powered
sensors do not have easy triggers at low pressure needed in breath
monitoring or they are fabricated on a nonporous substrate like
Polydimethylsiloxane (PDMS) that is not breathable [3], which hin-
ders the application of SFMs due to heat and discomfort and also
2

cannot obtain a high signal-to-noise ratio in the low-pressure
range.

Other piezoresistive pressure sensors consist of 2D-based mate-
rials deposited on tissue papers [23], cotton cloth [24] or cellulose
fabrics [25]. Conductive polymers such as PANI, are also used [26].

Recently, a new strategy for improving the functionality of SFMs
has been proposed by integrating electronic sensors and modules
on the inner layer of face masks [11]. This has been made possible
by advancements in fabrication techniques that enable the direct
printing of functional circuits, whether transient or long-lasting
[27]. For instance, a 3D double-arched microstrip antenna [28]
has been developed and a radio frequency (RF) transponder has
been attached to the inner layer of a surgical mask for cough mon-
itoring [11]. However, the need for transmitting and receiving
antennas limits their practical use in daily life.

Besides, improvements have been made in the design of flexible
strain sensors that can be used for monitoring [29]. In particular, a
strain sensor can be embedded into the structure or attached to the
surface. To accomplish strain sensor integration, they are generally
fabricated on flexible substrates and then attached to the surface
with adhesive or tapes [30,31]. However, these additional materi-
als reduce the user’s comfort, wearability, and breathability. An
alternative way for sensor integration is to fabricate sensor ele-
ments directly on the mask surface [32,33]. Nevertheless, despite
intensive research efforts, the direct fabrication of strain sensors
on the mask surface has not been fully investigated.

In fact, several authors improved the sensors’ performances for
continuous and real-time human respiration monitoring; however,
these improvements lead to complex manufacturing methods and
high production costs [7,19]. Thus, most of the proposed SFMs do
not meet some essential standards, such as being fully breathable
and biocompatible or realized with a cost-effective production pro-
cess, suitable for being scaled up to meet industrial requirements.

Herein, a novel, cost-effective, biocompatible, and metal-free
SFM is depicted. This SFM is able to detect the breathing rate of
the mask-wearing and to recognize abnormal respiration, thus pro-
viding alerts in case of cough or shortness of breath. Briefly,
piezoresistive graphene-based strip-lines acting as strain sensors
are sprayed over the external surface of a commercial surgical
mask and the resistance variation due to respiration induced strain
is detected and transmitted via Bluetooth to a mobile app that
stores and analyses data. The piezoresistive graphene-based strip
lines are realized by incorporating graphene nanoplatelets (GNPs)
into a polycaprolactone (PCL) polymeric matrix.

GNPs are tiny stacks of graphene layers with a thickness of one
to ten nanometres and lateral diameters of up to 10 lm [34]. Due
to their cost-effective, ease of fabrication, exceptional mechanical
characteristics, and high thermal and electrical conductivities, they
have attracted the most interest as nanofillers in polymer compos-
ite [35,36]. Furthermore, GNPs show clear hydrophobicity and
antimicrobic and antiviral features, that make them particularly
suitable to improve airborne pathogen filtration, such as the
COVID-19 virus [37]. On the other hand, PCL is known for its
biodegradability, biocompatibility, and flexibility [38,39]. The pro-
duced SFM clearly detects breathing rates without compromising
wearability, breathability, and comfort. Furthermore, owing to
GNP hydrophobic properties, the SFM can be washed and reused
without properties degradation. Notably, the SFM has the potential
to be meritoriously used for the continuous monitoring of human
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breath as it presents an excellent fast response time (�42 ms) and
remarkable durability, more than 1000 cycles, ensuring its reliabil-
ity in practical applications.
2. Materials and methods

2.1. Material and fabrication

Commercially available Graphite Intercalation Compound (GIC)
is subjected to a thermal shock obtaining worm-like expanded gra-
phite (WEG) [40], as summarized in Fig. 1. After that, WEG is added
to a suitable solvent, acetone, and the resulting mixture is soni-
cated by using an ultrasonic processor for around 40 min in one
second on– one second off cycle mode, leading to the WEG exfoli-
ation and obtaining a GNP solution [35]. Then, PCL polymer is
added by a ratio of 8 % wt. Successively, the mixture is magneti-
cally stirred for 2 h at a controlled temperature to obtain a homo-
geneous solution. Finally, the resulting PCL/GNP solution is sprayed
on the external surface of a commercial mask using a mold. The
obtained graphene-based strip-lines act as strain sensor elements
(Fig. 1 (c)).

2.2. Field Emission Scanning electron Microscopy characterization

Surface morphology is analysed using Field Emission Scanning
Electron Microscopy (FE-SEM) available at the Sapienza Nanotech-
nology and Nanoscience laboratory of Sapienza University of Rome
(SNN-Lab). The sensors are sputter-coated with a 20 nm chromium
layer before acquiring the FE-SEM images. Then, the pure and
graphene-coated mask surface morphologies are assessed at differ-
ent magnifications.

2.3. Contact angle measurement

The hydrophobic behaviour of the pure and graphene-coated
mask surfaces is assessed by measuring water contact angles
(WCAs). Briefly, �2 ll of deionized water (DI) are drop-casted on
the piezoresistive graphene-based strip-lines acting as sensors
and the resulting shape is captured using an optical CA meter avail-
Fig. 1. Proof-of-concept (a); PCL/GNP composite fabrication route (b) and sketch of the s
(c).
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able at SNN-Lab. Afterward, the captured images are analysed
through ImageJ software, obtaining WCA values.
2.4. Mechanical and electromechanical characterization

The piezoresistive response of the graphene-based strip-lines is
evaluated under a quasi-static three-point bend test following the
standard ASTM D790-03. The test setup is depicted in Fig. 2(a). This
characterization is carried out by applying a mechanical load using
the universal testing machine INSTRON 3366. At the same time, the
electrical resistance of the graphene-based strip-lines is measured
using a Keithley 6221 dc/ac current source and a Keithley 2182a
nano voltmeter.

Before conducting this test, the SFMs are cut into three rectan-
gular shapes centred on the graphene-based strip-lines, i.e. sample
1, sample 2, and sample 3. Then, two electrical contacts are real-
ized at both the extremities of the strip-lines as shown in Fig. 2(a).

Initially, a thin silver-paint layer (Electrolube�) is applied to
rectangular areas of 4 mm � 2.5 mm. After silver-paint drying,
tin-coated copper wires are bonded using a silver-based epoxy
adhesive (CircuitWorks�) placed over the contacted areas
(0.2 mm in diameter). The films are then cured for 15 min at
30 �C to facilitate the polymerization of the silver-based epoxy
adhesive. The so obtained samples are adhered to a 6 mm thick
polycarbonate beam, 120 mm long and 24.5 mm wide, with a
cyanoacrylate-based adhesive, as graphically represented in Fig. 2
(b) [35].

Then, the relative resistance change DR/R0 of each sample is
evaluated as the difference between measured resistance R and
the initial resistance R0, divided by R0. Afterwards, the Gauge Fac-
tor (GF) is then obtained from the relative resistance change
against the applied mechanical strain [35]:

GF ¼ DR=R0

e
ð1Þ

Successively, in order to evaluate the response time, an instan-
taneous strain is applied to the produced samples (samples 1,2,
and 3), and the response time is measured using a NI-DAQ USB-
6001 data acquisition system.
teps to spray the PCL-GNP solution over the external surface of a commercial mask



Fig. 2. Graphene-coated strip-line (l = 5 cm, w = 0.5 cm) acting as strain sensor and cast over the external layer of a mask cut into a rectangular shape with dimensions
a = 5 cm, b = 0.5 cm and attached on a plexiglass beam (c = 15 cm, and d = 3 cm) (a). Three-point bend test setup at the laboratory (b); Schematic illustration of artificial
respiration test setup (c); smart face mask with left, center, and right graphene-coated strip-lines (d), illustration of the position of the sensor on a three-layer surgical mask
(e).
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Finally, multicyclic loading–unloading tests are carried out to
evaluate the stability and durability of samples for long-term
use, recording the piezoresistive response for more than 1000
cycles at a tensile rate of 40 mm/min.
2.5. Artificial respiration test

The artificial respiration test is performed to validate the sens-
ing performance of the SFM by simulating real human breathing.
4

For this purpose, the European Standard EN 14683:2019 + AC
[41]is followed and the test set-up sketched in Fig. 2(c) is devel-
oped. It consists of a vacuum pump and a compressor, connected
with a tube connector.

Briefly, the simulation of the exhalation is initiated by turning
on the compressor to let the air in and keeping the vacuum pump
off. Similarly, the inhalation is simulated by switching on the vac-
uum pump and switching off the compressor. Then, the air-flow
rate, 8 l/min [41], is controlled with valves.
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2.6. Wearable smart face mask

The produced SFMs are connected to a real-time data streaming
device in order to transmit the detected data to a mobile App. The
aim is to constantly monitor wirelessly the breathing condition of
the mask wearer and eventually to provide alerts, without compro-
mising the mask’s user-friendliness, comfort, and daily life routine
of an individual. Hence, a commercial wearable real-time data
streaming and logging device MetaMotionS from MBIENTLAB is
used for data acquisition of breathing using the graphene-based
sensor. This compact device is composed of a Bluetooth Low
Energy (BLE) 2.4 GHz transceiver along with 9-axis IMU sensors
that operate on a 3 V battery. In addition, the device allows us to
interface external sensors with connecting wires.

In this regard, the central graphene-based strip-line is con-
nected to the device in a voltage divider configuration along with
a buffer to match the impedance with the Analog-to-Digital Con-
verter (ADC) of the device. An android mobile application is devel-
oped to stream and log the data wirelessly from the device through
a Bluetooth link. The application receives raw ADC data from the
device and performs fundamental digital signal processing to
remove noise and smoothen breathing patterns. Eventually, this
application can detect abnormal breathing conditions and alarm
the user or guardians.
2.7. Exhaled breath temperature and humidity effect in human
respiration monitoring

Within the aim of demonstrating that the humidity and tem-
perature of the exhaled breath do not affect the smart mask
response, humidity and temperature variations are recorded
together with the respiration rate while a volunteer breath. In par-
ticular, two commercial humidity sensors and two thermistors are
fixed inside and outside the mask, as sketched in Fig. 2(e), and their
response is stored and compared with the detected respiration
rate.
3. Results and discussion

3.1. Surface morphology

Fig. 3 shows the surface FE-SEM image of the face mask before
(Fig. 3(a,b,c)) and after (Fig. 3(d,e,f)) the graphene-based strip-lines
are sprayed. From the FE-SEM images of the face mask, the highly
porous structure of the polypropylene (PP) fabric is visible. The
nonwoven PP fibers, with 20 lm diameter, are located freely and
they cross each other. The fibers with an initially smooth surface
are uniformly and homogeneously covered with the PCL/GNPs
nanostructures. It is obvious that the spray-coated PCL/GNP
strip-lines have fully adhered to the fiber surfaces. In addition, as
shown in Fig. 3(d), (e), and (f), GNPs fasten flawlessly to the PCL
polymer matrix. Moreover, looking at the FE-SEM images it is evi-
dent that the spray-coated graphene-based strip-lines do not affect
the mask’s porous structure, thus they do not compromise the
mask’s breathability [41]. To assess the SFM’s breathability, the
air exchange pressure of the medical face mask material can be
measured using the setup depicted in Fig. supplementary (S)1.
The test involves determining the differential pressure necessary
to draw air through a defined surface area at a constant rate of air-
flow [41]. The data acquired through this test indicates that there
are minor and insignificant variations in the pressure difference
between the uncoated and coated masks, thus demonstrating that
the masks remain breathable, even if coated Fig. supplementary
(S)1. This is an important feature to consider when developing
SFMs, as maintaining comfortable and easy breathing for the
5

wearer is crucial for encouraging consistent mask usage and ensur-
ing overall health and safety.

Concerning the working principle of the graphene-based strip-
lines acting as strain sensors, it is reasonable to assume that when
the strip-lines are subjected to a strain, the distance between over-
lapped graphene flakes increases, the direct contact area decreases,
leading to an increase in the overall electrical resistance during
sensor stretching [42–44]. As a consequence, the increase in the
piezo-resistive response of the sensor is primarily due to the
change in distance between GNPs, as represented in Fig. 3(g,h).
In particular, Fig. 3(g) depicts the alignment of GNPs in their initial
state without deformation. When respiration occurs, the inter-
space between GNPs in the polymer matrix on the mask fibers
increases as shown in Fig. 3(h), and, consequently, the overall
resistance increases substantially. Besides, the magnitude of the
piezoresistive response is tuned by spray deposition of optimal
concentration and distribution of GNPs on the facial mask to pro-
duce highly sensitive respiration monitoring sensors.

3.2. Hydrophobic properties

The hydrophobicity of the pure and graphene spray-coated sur-
gical mask sensors is assessed through the CA measurement, as
mentioned in Section 2.3. The pure surgical mask CA is reported
to have the lowest value of 103 ± 0.3�, as shown in Fig. supplemen-
tary (S)2(a), while the CA values for the graphene-coated masks
increase to 115 ± 2� for sample 3 Fig. supplementary (S)2(b). In
all cases, the water droplets have a semi-circular shape, and
despite the lack of a huge increment in CA values, the mask
remains hydrophobic while GNP coating improves hydrophobic
and antimicrobial properties [45,46] and shown in Fig. supplemen-
tary (S)3. Therefore, the improved hydrophobic and antimicrobial
behaviour of graphene-coated masks can be useful to maintain
their performance over more extended periods without affecting
their piezoresistive response [40].

3.3. Mechanical and electromechanical characterization

The piezoresistive behaviour is analysed in Fig. 4(a,b,c) in terms
of resistance change under structural deformation with the aim of
achieving an in-depth electromechanical characterization of the
produced graphene-based strip-lines. Each sample is subjected to
three consecutive electromechanical tests to determine its
repeatability, with a maximum value of up to 0.9 % for strain.
The initial resistance values R0 are acquired before applying strain,
i.e., �93.65 kO for sample1 deposited with lower GNP; �31.06 kO
for sample 2 coated with an intermediate quantity of GNPs;
and � 18.99 kO for sample 3, obtained with higher amount of
GNP. The reported data show an exponential growth of resistance
under applied load, with the highest values recorded for sample 1.
The piezoresistive effect can be associated with two main domi-
nant mechanisms: (i) disconnection mechanism and (ii) tunneling
resistance change due to mechanical deformation [44]. In the first
mechanism, overlapped areas among GNPs pave the way for elec-
trons to pass through the percolation network [44]. Under applied
strain, the nanomaterials lose their direct connection, leading to
decreased overlapped areas and conducting network disruption
[47,48]. When the sensor is stretched, sliding graphene flakes in
the direction of elongation results in a reduction of overlapped
areas between adjacent flakes and, consequently, an increase in
contact resistance which contributes to electrical resistance rise
[47,49]. Besides, in the tunnelling effect mechanism, electrons
can cross through the nonconductive polymer, tunnelling through
neighboring nanomaterials [47]. Tunnel resistance increases expo-
nentially with the tunnelling distance, which is proportional to the
distance between each GNP and its aggregation, and as a result, the



Fig. 3. SEM images, (a,b,c) pure mask, (d,e,f) coated mask, (g) respective schematic illustration of GNPs and polymer bonded to the fibers under no deformation, (h) during
inhalation and exhalation.

Fig. 4. Relative resistance variation DR/R0 under the applied strain for a graphene-coated face mask (a) sample 1, (b) sample 2, (c) sample 3, and (d) respected gauge factors.
Measured average response time (e) and result of reproducibility test when the samples are subjected to long-term use (f).
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exponential growth seen in Fig. 4(a,b,c) could be driven by varia-
tions in tunnel resistance [35,47,50,51]. The GF, the slope of rela-
tive resistance change versus applied strain is reported for all
samples in Fig. 6 (d). The maximum value of GF is detected for
sample 1 with the value of 4.2, followed by 3.7 and 2.6 for samples
6

2 and 3, respectively. Notably, the GF’s highest value is double that
of reported in the literature as a sensor attached to a breathing
mask [31]. As expected, the sensitivity is higher in samples having
a low GNP content since fewer conduction pathways are present
[44,49]. For instance, in sample 1, with a minimum GNP amount
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and thus higher electrical resistance, the number of nanofillers to
create direct contact pathways is insufficient, so tunnelling con-
ductivity becomes the predominant mechanism [49,51]. Under
strain, the tunnelling mechanism is more affected than the direct
contact mechanism, which can be the main reason for the expo-
nential tendency of resistance change [52,53]. A lower GNP content
network leads to a more effective disconnection between junctions
and, consequently, higher GF [47]. However, in higher-content GNP
sensors, direct contact among nanomaterials is the reason for con-
nections, which is less affected by strain, so resistance does not
change significantly [53]. Furthermore, the area of conductivity
(Ac) is a prominent feature of sensitivity. The initial distance
between particles, required for tunneling conductivity, increases
with Ac, eventually rising strain sensitivity [44].

To further investigate the sensing properties of the samples,
more dynamic tests are carried out in order to evaluate the
response time and long-term use reproducibility. Fig. 4 (e) depicts
the variations in DR/R0 of graphene-based strip-line upon loading
until a strain of 5 mm is reached at a strain rate of 400 mm/min
and then uploading to initial conditions. An average response time
of about 42 ms is detected, indicating a very fast response. In fact,
the measured response time is shorter than the ones measured in
several developed polymeric strain sensors recently reported in the
literature. For instance, the sensor realized with carbonized nano
sponge/silicone composites shows a response of �100 ms [54],
the one produced with thermoplastic polyurethane decorated with
electrospunned reduced graphene oxide exhibits a response time
of �200 ms [55] while the one presented in [31], consisting of a
graphene based layer and a carbon black/single-walled carbon
nanotube synergetic conductive network layer shows a response
of �64 ms.

Finally, Fig. 4 (f) shows the behavior of the samples subjected to
a durability test by performing loading–unloading at the rate of
Fig. 5. Relative resistance change DR/R0 versus time of artificial respiration test on the
sensor (LS), (b) Right sensor (RS), (c) Centre sensor (CS), (d) relative average, (e) highlight
breath cycle highlighted in (f) is magnified.
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4 mm/min. All the samples show excellent reproducibility and sta-
bility, indicating that the produced SFMs are suitable for long-term
daily use [56].
3.4. Piezo resistive artificial respiration response of SFM

The artificial respiration response of the SFM is evaluated fol-
lowing the procedure described in section 2.6. The SFM is equipped
with three graphene-based strip lines acting as strain sensors and
located in three different locations to determine the most optimal
position for tracking respiration signals: laterals (i.e., left sensor
(LS) and right sensor (RS), and central sensor (CS). It is observed
that DR/R0 increased during exhale and decreased during inhale,
regardless of the sensor’s location on the facial mask, as illustrated
in Fig. 5 (a,b,-c). As aforementioned in electromechanical tests, an
increase in inter-distance between conductive graphene flakes
under the deformation causes an increased tunnel resistance; as
a result, the electrical resistance increases during exhalation and
vice versa for inhalation. Moreover, these respiration waveforms
correspond to typical patterns observed in the sensor measure-
ments [57,58].

In particular, sensors LS, RS, and CS are characterized by initial
R0 values, around � 61 kX, 14.7 kX, and 11.5 kX, respectively. As
previously demonstrated, high sensitivity is achieved by using sen-
sors with low concentrations of GNPs, or in other words, sensors
with high initial electrical resistance [35,40]. Due to the fact that
the LS and RS are located far from the mouth, detecting mask
movement is quite difficult; therefore, increased sensitivity may
be required in these positions. As a result, two distinct coatings
are chosen: one with a low GNP concentration on LS (i.e., a high
GF); and another with a high GNP concentration on RS (i.e., a low
GF) comparable to that of CS.
graphene-coated surgical mask with three different locations waveforms of (a) Left
of the center sensor with second breath cycle, (e) respiration waveform of the single
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Although it is estimated that LS is more sensitive due to the low
GNP content, the permanent displacement of graphene flakes
within the polymer matrix during the initial cycles results in a
change in the initial resistance that is not maintained during sub-
sequent breathing cycles, as reported in Fig. 5(a). The RS exhibits a
non-uniform and non-repeatable response, despite having a simi-
lar GNP deposition layer to the CS, as illustrated in Fig. 5(b).
Whereas the central one, which contains also a high concentration
of GNP, demonstrates excellent repeatability and sensitivity during
measurements, as depicted in Fig. 5(c). The DR/R0 value of CS ̴1.7 %
is shown in comparison to the LS ̴1.25 % and RS ̴0.75 % for the initial
breathing cycles, as presented in Fig. 5(d). Although the LS and RS
have a lower response, they are able to detect mask movement,
making this sensor suitable for respiration detection. These plots
clearly demonstrate how changes in position and morphological
deformation during each measurement affect the response of the
LS and RS. Therefore, the drift in the position of the mask during
the respiration test is responsible for R0 variation between succes-
sive breathing cycles, and both lateral sensors exhibit a similar
descending trend.

As a confirmation, none of these effects are observed in the
CS compared to the lateral ones. Indeed, the CS position does
not change laterally and is only influenced by breathing. Thus,
the CS response is nearly identical and repeatable over time.
Hence, the CS is chosen as the optimal location for respiration
monitoring. Furthermore, the interval time (ti), defined as the
time between exhalation and inhalation, and the breathing time
Fig. 6. Illustration of real-time respiration test with smart face mask under wearable
volunteer (b), relative resistance change versus temperature change due to breathing ins
due to breathing inside and outside of the mask (d).
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(tb), i.e., the time required to complete one breath cycle, are cal-
culated for CS, as highlighted in Fig. 5(e) and in the magnified
image reported in Fig. 5(f). It yields ti � 1.62 s and tb � 2.86 s
and both valued are within the normal range of healthy young
adults [57,58].

The SFMs have also been tested in real-world conditions. In par-
ticular, a volunteer person was asked to wear the mask with a cen-
tral graphene-coated strip-line to continuously monitor respiration
signals, as illustrated in Fig. 6(a). The wearable device is attached
to the mask as shown in Fig. 6 (a). The application stores the col-
lected data in a text file which can be used later for self-analysis
of breathing patterns or transferred to a healthcare specialist for
evaluation. As shown in Fig. 6(b), the sensor responds instantly
to normal breathing highlighted with a green zone, hard breathing
with a red zone, and cough with a yellow zone within the duration
of 20 s. The plot depicts that there is a clear differentiation
between normal, hard breathing, and cough. It is confirmed that
there is an immediate response and magnitude of the R(X) in rela-
tion to the intensity of breathing by the volunteer, suggesting that
our sensor is suitable to monitor respiration, diagnosing respira-
tory syndromes such as COVID-19, and providing alerts for patients
with abnormalities from their breathing.

To further confirm the practical application of the smart mask,
the effect of temperature and humidity is evaluated. It is verified
that there is a negligible change in resistance due to humidity
change outside of the mask as the inner layer contains and absorbs
the exhaled humidity [59]. It is observed that the relative humidity
application test (a), resistance changes (R)versus time, signals acquired from the
ide and outside of the mask (c), relative resistance change versus humidity change
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rises to 91.6 % inside the mask while breathing. Nonetheless, the
humidity just outside the mask rises to 53.6 % in the same period.
Reason that the strip-line sensor is coated on the outer layer of the
mask, it only corresponds to the ambient humidity changes.
Regarding the temperature effect, it is observed that during breath-
ing the temperature outside the mask rises only 3 �C and there is
no indication that the sensor’s resistance changes as a result of
an ambient temperature rise. Regardless, the thermistor detects a
change of 7.32 �C inside the mask caused by CO2 emissions, but
this has no impact on the performance of the sensor. The experi-
mental data show that the sensor’s response remained consistent
during both tests (Fig. 6(c,d)).
3.5. Comparison between respiration monitoring sensors and SFMs

Table 1 reports a more comprehensive comparison between
some of the most recent respiration monitoring sensors and SFMs
recently presented in the literature. Particular emphasis has been
given to the sensing principle, response time, fabrication method
and flexibility. It is worth to notice that the proposed SFM is the
only one realized through direct deposition of the graphene-
based strip-line acting as strain sensor over the external surface
of a commercial surgical mask, without compromising flexibility
and wearability. Furthermore, the proposed SFM is produced
through a cost-effective production process and it is characterized
by a faster response time with respect to the response times of
SFMs and respiration wearable sensors recently reported in the lit-
erature. For instance, the graphite carbon nitride/zinc oxide
Table 1
Comparison between respiration monitoring sensors and smart face masks.

No. Sensor
type

Sensing
principle

Sensing material Respon
time

[14] Humidity Capacitive graphite carbon nitride/zinc
oxide

22 s

[15] Humidity Resistive MXene/MWCNT fabric 28 s

[16] Humidity Capacitive Yarn combined with copper
wire electrodes

3.5 s

[17] Humidity Resistive graphene/nickel foam 31 s

[18] Humidity Resistive SPEEK/PVB composite
nanofiber

1 s

[19] Humidity Resistive porous graphdiyne (GDY) 289 ms
[20] Pressure Piezoelectric Au/parylene/Teflon AF films Not

reporte

[23] Pressure Resistive MXene/tissue paper 150 ms
[26] Pressure Resistive PANI-nanospines deposited on

a multilayered
hierarchicalfibrous structure

Not
reporte

[25] Pressure Resistive carbonized cellulose fabric
(CCF)

81 ms

[24] Pressure Resistive Ti3C2Tx/NiSe2 hybrid-based
pressure sensor on the cotton
cloth

220 ms

[30] Strain Resistive Aligned nanofibers of ionic
liquid (IL)/ thermoplastic
polyurethane (TPU) ionogels

119 m

[31] Strain Resistive fiber-based strain sensor
covered with GNP layer and a
CB/SWCNT synergetic.
conductive network layer

65 ms

This work Strain Resistive Graphene/PCL �42 ms

9

humidity sensor for respiratory monitoring presented in [14]
shows a response time of 22 s, even though expensive gold inter-
digital electrodes are used. In [15] a sensing electronic fabric is
developed, however its applicability for respiration monitoring
requires its insertion between the inner layers of a surgical mask,
which makes it difficult to use with commercially available surgi-
cal masks. Additionslly, the proposed prototype requires the incor-
poration of electronic components, posing potential hazards to the
environmental pollution. On the other hand, the textile-based elec-
tronic techniques for real-time detection of respiration rate pre-
sented in [16] employ critical raw materials such as copper
yarns. Then, relatively complex measurement equipment, such as
an inductance–capacitance–resistance meter or a vector network
analyser, are needed.

A porous graphene based humidity sensors is proposed in
[17], however it shows a response time of 31 s which allows
the detection of an exhale time of 1.8 s, too high to precisely
detect hard coughing or abnormal breathing. Moreover, also in
this case, complex production techniques, namely chemical
vapour deposition and acid etching, are needed. In [18] a poly-
meric humidity sensor is developed by depositing electrospun
nano-fibers directly onto interdigitated Ag-Pd electrodes, and a
minimum response time of 5 s is claimed. The graphdiyne-
based flexible respiration sensor presented in [19] employs inter-
digitated electrodes made of gold. In [20] a SFM designed by
integrating an ultrathin self-powered pressure sensor and a com-
pact wireless readout circuit into a normal face mask is pro-
posed. The main drawbacks are: the sensor is not air
se Fabrication method Direct
deposition

Flexibility Note

CVD deposition No Semi-
Flexible

Expensive production
process

Drop-coating No Flexible Materials are
expensive

Conductive coating on
yarn

No Flexible Metal-based material

CVD deposition No Semi-
Flexible

Expensive production
process

Electrospinning method,
gold electrodes are used
as electrodes

No Rigid Metal-based material
used - expensive
production process

Ink-printing method No Flexible ——

d
CVD method, gold
electrodes are used

No Flexible Metal-based
material- expensive
production

Screen printing No Flexible

d
electron beam (E-beam)
evaporation

No Flexible Metal-based material

sensor textile
manufactured using a
Raschel 3D knitting
machine

No Flexible

Oxygen plasma + dip
coating in MXene

No Flexible Metal-based material

Electrospinning method No Flexible

chemical bonding-based
layered dip-coating

No Flexible

simple and direct spry
coating method

Yes Flexible Cost-effective
production process
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permeable, affecting the permeability of the entire face mask;
and the fabrication process is relativity more complicated than
that of traditional triboelectric sensors.

A novel flexible paper-based pressure sensing platform that fea-
tures the MXene-coated tissue paper sandwiched between a poly-
imide encapsulation layer and a printing paper with interdigital
electrodes is presented in [23]. A response time of 150 ms is
reached, however incineration is needed for recycling of the silver
interdigital electrodes, hence extensive use of this technology may
increase the air pollution. Other piezoresistive pressure sensors
consist of 2D-based materials deposited on cotton cloth [24] or cel-
lulose fabrics [25]. Conductive polymers such as PANI, are also
used [26]. Then, conductive sensor based on fibrous networks
[30] or on a synergetic combination of graphene-based nanofillers
are attached to the skin or to the external surface of the filters of an
air filtration mask [31].

Hence, the proposed SFM is innovative with respect to the state
of art since: (i) it clearly and fast detects breathing rate and anoma-
lous breathing conditions without compromising wearability,
breathability and comfort; (ii) it exhibits a fast response time
(�42 ms) and long-lasting durability (greater than1000 cycles);
(iii) it is realized through an innovative and fast cost-effective pro-
duction process; (iv) it does not employ metals or other critical raw
materials; (v) its production process is suitable to be scaled up, sat-
isfying industrial requirements.

As a final notice, to the best of Authors’ knowledge, this SFM is
the only one realized through direct deposition of antimicrobial
and hydrophobic graphene-based strip-lines acting as sensors over
the surface of a commercial surgical mask.
4. Conclusion

In this work, a novel, cost-effective, biocompatible, user-
friendly, and metal-free smart face mask is developed, produced,
characterized, and tested.

Unlike most of the recently developed smart face masks, which
usually employ sensors placed on the mask’s internal surface, the
proposed SFM is fabricated by depositing graphene-based strip
lines acting as sensing elements over the external surface of a com-
mercial surgical mask without compromising the mask’s flexibility
and wearability.

Briefly, the graphene-based strip lines are realized by dispersing
GNPs within a PCL polymer solution and depositing via spray-
coating the obtained mixture. Hence, the resulting polymer com-
posite is metal-free, bio-compatible, and green. Then, the produc-
tion process is cost-effective and scalable to industrial applications.

The graphene-based strip-lines acting as strain sensors show a
relatively high sensitivity value under a small strain range of up
to 0.9 %, especially considering that no metals or complicated
screen-printing techniques or additives were employed. Moreover,
it is proven that the graphene-based strip-lines acting as sensing
elements show an excellent response time (around 42 ms) and
remarkable durability (more than 1000 cycles), ensuring their reli-
ability in practical applications.

Experimentally, it is proven that the produced smart face mask
is suitable for continuously monitoring human breathing, distin-
guishing clearly normal and abnormal breathing rates.

Finally, a mobile App has been realized in order to constantly
monitor wirelessly the breathing path of the mask wearer and
eventually provide alerts, without compromising the mask user-
friendliness, comfort, and daily routine.
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