Sensors & Actuators: A. Physical 358 (2023) 114448

Contents lists available at ScienceDirect

Sensors and Actuators: A. Physical

R journal homepage: www.journals.elsevier.com/sensors-and-actuators-a-physical

ELSEVIEI

Check for
updates

Ultrasensitive flexible strain sensors based on graphene nanoplatelets
doped poly(ethylene glycol) diglycidyl ether: Mask breathing monitoring
for the Internet of Things

Antonio del Bosque ™", Xoan F. Sanchez-Romate °, David Patrizi b José Sanchez del Rio
Saez ™¢, De-Yi Wang b.d." Maria Sanchez?, Alejandro Urena®

 Materials Science and Engineering Area, Escuela Superior de Ciencias Experimentales y Tecnologia, Universidad Rey Juan Carlos, Calle Tulipan s/n, 28933 Méstoles,
Madrid, Spain

Y IMDEA Materials Institute, Calle Eric Kandel 2, 28906 Getafe, Madrid, Spain

¢ Departamento de Ingenieria Eléctrica, Electrénica Automdtica y Fisica Aplicada, ETSIDI, Universidad Politécnica de Madrid, Ronda de Valencia 3, 28012 Madrid,
Spain

d Universidad Francisco de Vitoria, Carretera Pozuelo, Majadahonda Km 1, 800, 28223 Pozuelo de Alarcon, Madrid, Spain

ARTICLE INFO ABSTRACT

Keywords:

Graphene nanoplatelet
Strain sensor

Internet of Things
Breathing monitoring

Ultrasensitive and stretchable strain sensors based on graphene nanoplatelet (GNP) doped poly(ethylene glycol)
diglycidyl ether (PEGDGE) for human motion monitoring purposes with remote tracking by using Internet of
Things (IoT) technologies are synthesized. The quasi-static and cycling responses under both tensile and
compression conditions of nanocomposites are studied in detail. On one hand, quasi-static analysis shows very
high values of the gauge factor, reaching values around 50-100 at low strain levels (1-2%) and 1000-2500 at
high strain levels (10%) in tensile mode, with increasing sensitivity with decreasing GNP content. In addition,
electromechanical response under 500 tensile and compression load cycles up to 1%, 2.5%, and 5% strain levels
proves their high stability and as a result, their high sensitivity to detect a low degree of strain levels. Three
general proofs-of-concept demonstrate that these sensors can detect several types of deformations such as
pressure, bending, and twisting. Finally, human breathing is monitored with the sensor attached to a conven-
tional mask. Different breath rhythms combining the calm and excited states of a person walking are remotely
sent and monitored on the internet by using different IoT platforms.

1. Introduction

Nowadays, there is an increasing interest in the development of
novel inspection techniques and wearable sensors for health monitoring
technologies. There are many sensing methods, for example, those based
on ultrasonic, guided waves, fiber Bragg, or acoustic emission technol-
ogies [1-3]. However, they make use of complex mathematical and
statistical tools and do not give information enough about the health of
the asset [4,5], evermore when it is sent remotely. For this reason, other
materials-based techniques with more sophisticated communication
protocols are demanded.

As an alternative to these traditional techniques, the development of
reinforced polymers with conductive nanoparticles is proposed. The
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basis of this type of material for sensing applications is that these
conductive nanoparticles promote the creation of conducting networks
inside the insulating polymer [6] once a critical volume fraction is
reached, called the percolation threshold. When the nanocomposite is
either stretched or compressed, the electrical resistance of the conduc-
tive network changes as a function of the applied mechanical strain.
Electrical resistance variations beyond these stretching/compressing
levels are caused by geometrical changes in their structure, the intrinsic
resistive response of active materials, the tunneling effect, or discon-
nection mechanisms [7-9]. After releasing the nanocomposite from
strain, the resistance reversibly recovers to its initial values. Thus, the
deformation state can be studied by analyzing the change in the elec-
trical resistance which is the principle that governs resistive strain
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Sensors.

Graphene nanoplatelets (GNPs) are one of the types of carbon
nanoparticles that provide higher sensitivity to nanocomposite-based
sensors, especially when compared to carbon nanotubes (CNT), carbon
black (CB) or carbon nanofibers (CNF) [10-12]. This fact can be
explained due to the 2D nature of GNPs, where the tunneling effect
mechanisms are much more accused concerning the other carbon
nanoparticles mentioned because of their higher tunneling area.
Regardless of the type of stretchable strain sensors, GNPs have been
incorporated into stretchable supporting materials such as silicone
elastomers (PDMS or Ecoflex) [13,14], rubbers [15,16], thermoplastic
[17], and medical adhesive films [18]. Moreover, natural fiber—based
materials such as wool, wood, or flax have been widely used as sup-
porting substrates for the manufacture of strain sensors [19]. As can be
deduced from the state of the art, different types of thermoplastic and
elastomers have been used as matrices for flexible sensors, however,
other materials have not yet been explored in detail, such as flexible
epoxy resins.

In recent years, strain sensor based on GNP/PDMS has been widely
reported to provide a stretchability of up to 65% with a high gauge
factor [20,21]. Another strategy is to develop porous structured GNP
strain sensors because they have a low percolation threshold (2-4 wt%)
[22-25]. Moreover, three-dimensional graphene foam has been re-
ported before for high—performance strain sensors, however, some
problems such as high-cost preparation, low sensitivity, and low
stretchability remain [26]. In all these works, the potential these ma-
terials have in sense is evident, although the development of a full-
—characterized wearable strain sensor for smart devices has not been
reported yet.

The Internet of Things (IoT) in Health Monitoring has recently
irrupted very strongly in the biomedical sensing field [27-29]. The
relevance that monitoring vital parameters such as body temperature,
lungs capacity, and environmental humidity, breathing and heart
rhythms, chemical agents in gaseous or liquid states, etc. have nowadays
is increasing and plays an important role in therapy and illness diag-
nosis, also during pandemic outbreaks such as the last one of COVID in
2019 [30]. An application that sends remotely patients vital constants
such as breathing and heart rhythm and that allows monitoring his/her
health state with a deep impact in today’s healthcare sensing field is the
smart face mask [31], which is a-located face mask with different sen-
sors integrated. It often operates online monitoring via the internet of
multiple biological parameters such as CO, concentration, breath expi-
ration temperature, cardiac pulse, breath rhythm, amount of air intake,
etc., and environmental variables such as humidity, barometric pres-
sure, pollution, and environmental temperature.

As reported in the literature [32,33], information from different
sensors is remotely sent to several nodes constituting broad sensing
networks. These networks can resend previous parameters to central
units connected to IoT platforms so that vital constants of patients can be
visualized on the internet. In addition, different wireless communication
technologies such as WiFi, SigFox LoRaWAN, Narrow Band, LTE-M,
Cellular, etc. [34-36] can be used for sending the information remotely.
Furthermore, each protocol presents very low energy consumption and
different connectivity characteristics such as different amounts of in-
formation sent, time of flight of the packages, and distance range. In this
work, LoRa sensors and LoRaWAN were chosen to send the information
remotely to a gateway because of their excellent characteristics in terms
of long-range distance and open connectivity, covering communications
range up to 20 km between emitters and receivers in interurban areas
and hundreds of kilometers in places where there is no electromagnetic
interference such as in open air and in the outer space.

For these reasons, this work is focused on the development of a
highly stretchable and easily-scalable strain sensor made of a flexible
epoxy resin poly(ethylene glycol) diglycidyl ether (PEGDGE) reinforced
with GNPs. The electromechanical analysis, in terms of quasi-static and
cycling response, allowed determining the sensitivity and the
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repeatability of the electrical resistance response under different values
of applied strain. Moreover, the electromechanical response was carried
out under tensile and compression conditions to get a deeper knowledge
of their strain monitoring capabilities. Finally, several operational
demonstrations were also carried out with the optimized sensor, high-
lighting the never-before-seen proof of concept with a GNP/PEGDGE
sensor attached to the surface of the mask. This sensor was connected to
a LoRa wireless emitter which allowed monitoring of the subject’s
breathing rhythm under different physical conditions (relaxed, stressed,
and walking) in The Things of Stack (TTS) IoT platform in real time.

2. Materials and methods
2.1. Materials

Strain sensors were manufactured with GNPs dispersed in a PEGDGE
resin. GNPs were purchased from XG-Science with a commercial name
M25. They have a thickness of 6-10 nm with an average lateral size of
25 um, and an electrical conductivity of ~107 S/m parallel to the surface
and ~10% S/m in the transversal direction.

The matrix was a flexible epoxy resin formed by poly(ethylene gly-
col) diglycidyl ether (PEGDGE) with 4,4-diaminodiphenylsulfone (DDS)
as a hardener. PEGDGE has a viscosity of 60-110 mPa:-s at 25 °C with a
molecular weight of 500 g/mol, and its flexibility is due to the existence
of 8-9 EO groups in its structure. Both reagents were purchased from
SigmaAldrich.

2.2. Manufacturing of GNP/PEGDGE nanocomposites

Nanocomposites were manufactured with 2, 4, 6, 8, and 10 wt%
GNPs to determine the percolation threshold of the GNP/PEGDGE sys-
tem, that is, the lower GNP content that makes it electrically conductive.
Fig. la shows the schematic diagram of the nanocomposites
manufacturing process. In this regard, GNPs were dispersed by three roll
milling process using an EXAKT 80E machine. This method causes the
disaggregation of GNP agglomerates when the mixture passes between
the gaps of the three consecutive rolls rotating at different speed ratios of
1:3:9, being 250 rpm the rotating speed of the last roll. The parameters
of the three-roll milling process were optimized in a previous study [37]
and they consisted of a unique cycle because it was proved that by
increasing the number of cycles, damage to the GNPs was produced.
Specifically, breakage or downsizing of the GNPs occurs due to the high
shear forces involved and their low flexural strength.

After the dispersion phase, a degassing step of the mixture was car-
ried out at 100 °C for 20 min under vacuum conditions by magnetic
stirring. The high temperature promotes the decrease in the viscosity of
the sample, which facilitates the evacuation of the trapped air, together
with the magnetic agitation and the vacuum pressure. Then, DDS was
added to the mixture in a 100:25 ratio (monomer:hardener in its stoi-
chiometric ratio) and mixed manually for 2 min. Finally, the mixture
was placed in a metallic mold with the shape of the final probes which
had been previously smeared with a layer of release agent based on
polyvinyl alcohol (Castro Composites). Probes were cured in an oven at
160 °C for 5 h, as it was optimized in previous work [11].

2.3. Microstructural characterization

Nanocomposites were fractured under cryogenic conditions to
analyze the dispersion state achieved in the GNP/PEGDGE samples. The
fracture surfaces were coated with a thin layer of gold with the sput-
tering technique, and they were observed by Scanning Electron Micro-
scopy (SEM) with the Hitachi S3400N Microscope.

2.4. Electrical conductivity measurement

The electrical conductivity of the nanocomposites was measured
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Fig. 1. : (a) Schematic diagram of the GNP/PEGDGE nanocomposites manufacturing process. Schematics of samples/measurements and electrodes’ disposition in (b)
electrical conductivity measurements, (c) tensile and (d) compression tests for strain monitoring characterization, (e) proof-of-concept sensor and (f) FFP2 mask for
human breath monitoring. (g) Experimental set-up of the electronics and LoRa communication system used for human breathing monitoring with the GNP/PEGDGE
strain sensor.
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Fig. 1. (continued).

using a Keithley 2450 Source Meter Unit instrument. It was determined
by applying different values of voltage and recording the current with
the four—probe measurement. Following the Ohm Law, the electrical
resistance was calculated from the slope of the current-voltage curve at
0-100 V for low conductivity and 0-10 V for high conductivity nano-
composites (that are 8 and 10 wt% GNP). Three electrical conductivity
specimens with 60 x 20 x 3 mm® dimensions (50 mm between the
closest contacts) were tested for each condition. For these experiments,
four copper electrodes were attached to the sample surface by gluing
them with conductive silver ink to minimize the contact resistance (see
Fig. 1b).

2.5. Strain sensing tests

The variation of electrical resistance of GNP/PEGDGE nano-
composites was recorded using a digital multimeter Agilent 34465 A
during tensile and compression tests. Three tensile and compression
samples of 8 and 10 wt% GNP were tested in a universal testing machine
Zwick Z100 with a load cell of 500 N.

Firstly, tensile specimens were tested according to ISO 527-1:2019
with a crosshead speed of 10 mm/min and a preload of 2 N. Moreover,
two sense electrodes made of copper wires were attached to the nano-
composite surface near the center of the sample with silver ink to
minimize the contact resistance, keeping a distance between electrodes
of 3 cm, as shown in Fig. lc. In addition, compression specimens with
30 x 20 x 10 mm® dimensions were analyzed at a test rate of 1 mm/
min and a preload of 1.5 N. Furthermore, two force electrodes were
attached with silver ink to the upper and lower sample surfaces of the
nanocomposites, as indicated in Fig. 1d. In these tests, it is important to
note that samples were isolated from grips by using an adhesive layer at
the ends of the specimens to avoid electrical interferences with the
nanocomposite.

Tensile and compression monitoring tests allowed us to determine
the Gauge Factor (GF), which is a critical parameter to determine sensor
sensitivity and can be calculated as the normalized resistance change
(AR/Ry) divided by the applied strain (g), as specified Eq. (1):

__AR/Ry _R—Ry

GF =
€ Ryece

1

To study the stable repeatability and life cycle of GNP/PEGDGE
sensors, the same tensile and compression specimens were subjected to
continuous strain cycling for 500 cycles at 1%, 2.5%, and 5% strain
levels at 50 mm/min and 5 mm/min, respectively. Moreover, the elec-
trical response of the optimized sensor under 20, 50, 90, 140, and
200 mm/min tensile frequencies was studied in 5 cycles. The transient
response of the optimized sensor was evaluated by applying 1% and 5%
strain levels at a strain rate of 500 mm/min and, after a few seconds, the
recovery to the initial position at the same rate.

2.6. Proof of concept of wearable sensors

The sensor that achieved the best properties (combination of elec-
trical conductivity, gauge factor, and cyclic robustness) was used for
different proofs—of—concept for large and small movements. In this re-
gard, the sensor with 8 wt% GNP manufactured was used for this pur-
pose. First, three general tests were carried out to demonstrate that this
sensor can detect several types of deformations: pressure, bending, and
twisting. This sensor was cut with 50 x 15 x 3 mm® dimensions, as
shown in Fig. 1e. Second, another test, this time detecting human breath
was carried out by placing a sensor with 40 x 4 x 2 mm? dimensions in
a conventional mask (FFP2) (Fig. 1f). In these tests, the location of the
electrodes followed the same logic as that mentioned above.

Finally, several never seen trials of mask breath monitoring with this
type of nanocomposite and by using IoT technology were performed
using the four-wire electrical resistance method. Here, two electrodes
named power electrodes with different polarity were connected to the
edges of the nanocomposite with one of the ends and with the other two
to a button plain battery which was glued to the surface of the FPP2
mask. In addition, the two other electrodes, named sense electrodes,
were connected with one of their ends to two separated points of the
nanocomposite and were positioned between the power electrodes, with
the two other ends attached to the inputs of a LoRa emitter
(MKRWAN1300). This configuration allowed measuring the change in
resistance of the sensor material when it was either compressed or
stretched as the mask was tightened or loosened due to the air intake or
exhaled by the subject under study. The change in resistance of the
sensor material was monitored by measuring the voltage drop between
the sense electrodes.
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Fig. 2. (a) Electrical conductivity measurements of the GNP/PEGDGE nanocomposites under three-roll-mill technique. SEM images of cryofracture surfaces of (b) 2,
(c) 4, (d) 6, (e) 8, and (f) 10 wt% GNP nanocomposites. The images on the left are at 300 magnifications, while those on the right are at 750 magnifications. Orange
arrows indicate the presence of GNPs.
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Fig. 2. (continued).

With the purpose of monitoring the subject breathing,
MKRWAN1300 LoRa emitter received the voltage drop produced in the
material by using the sensing electrodes connected to channel AO and
Ground. This LoRa emitter which was connected to the nanocomposite
was kept in a bracelet that was attached to the forearm. Then, voltage
signals were remotely sent to a gateway that could be located up to
20 km of distance from the emitter in interurban areas. Sixty-four bytes
were sent every 7 s, and every byte represented a point of the voltage
signal. The data frequency rate was 8.9 Hz from the subsequent one.
Gateway used was a raspberry pi400 coupled to a RAK2245 Pi HAT LoRa

concentrator and it was connected via Wi-Fi to the internet (Fig. 1g).
Sensor and RAK were registered in The Things of Stack (TTS) IoT plat-
form and all the information received by the RAK could be monitored
with the software of Ubidots, which is connected to TTN with a parsed
link.

To take advantage of the 1024 steps that MKRWAN uses to measure
5V, this resolution was rescaled to 256 so that the whole 64 bytes of
each data package were fully used. Information decoding is performed in
the cloud, with a payload format that allowed transforming a vector of
points with a frequency range of 120 ms into decimal values. Correlation
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between Ubidots and the TTS is performed via HTTP (Hypertext
Transfer Protocol) using the Webhook integration. In addition, Ubidots
make use of another characteristic decoder that allows monitoring in-
formation given by TTS by its URL so that graphics of voltage vs time can
be seen on the web.

With this smart mask, three experiments were performed by one of
the authors. First, the subject began to breathe normally in a relaxed
state. The second experiment consisted of mixing normal breathing and
excited ones. In the last experiment, normal breathing is combined with
walking.

3. Results and discussion

In this section, an analysis of the electrical response of GNP/PEGDGE
nanocomposites is carried out by means of electrical conductivity
measurements. Then, their strain-sensing capabilities are evaluated
under tensile and compression conditions, to evaluate their electrical
sensitivity to mechanical strain. Finally, a trial of GNP/PEGDGE as a
wearable sensor is carried out, to test its applicability.

3.1. Electrical conductivity analysis

Fig. 2a shows the measured electrical conductivity of the GNP/
PEGDGE nanocomposites for the different GNP contents manufactured.

It can be observed that the electrical conductivity increases with GNP
content, as expected, due to the creation of more electrical pathways.
More specifically, the percolation threshold is around 4 wt%. From
4-8 wt% a large increase of the electrical conductivity is observed,
whereas at 10 wt% the electrical conductivity increase is quite lower,
indicating that the electrical network saturation is being achieved.
Moreover, electrical conductivity at 8 and 10 wt% is quite similar to the
one obtained for similar systems using flexible resins [21], which is a
good indicator of an efficient dispersion of the GNPs. GNP contents
above 10 wt% were not tested because the significant enhancement of
the electrical conductivity was not expected due to the massive in-
teractions between nanoparticles, which could lead to a less efficient
electrical network.

In this regard, good GNP dispersion was also established by the SEM
cryofractures analysis. Homogeneous distribution of GNP in PEGDGE
matrix was observed in Fig. 2b-f, where GNPs were highlighted with
orange arrows. Here, there is no prevalence of large GNP aggregates.
This good distribution is achieved regardless of GNP content. Moreover,
it is shown that by increasing the GNP content, the number of nano-
particles observed in the cryofracture is higher, as expected. However,
even in this case, there are no significant agglomerates in the nano-
composites, which explains the high efficiency of the electrical network
generated and, thus, the high electrical conductivity values achieved.

Furthermore, the cryofracture surfaces shown in Fig. 2b-f denote that
the higher the GNP content, the rougher or more fibrous the fracture
surface. This fact is explained by the combination of two effects: the
presence of a high number of nanoparticles that induces a crack—-
bridging phenomenon, leading to a more tortuous crack propagation;
and the fact that the lower physical force of union may cause stress
concentrations around the GNPs, which is more prevalent at higher GNP
contents.

3.2. Strain sensing tests

3.2.1. Quasi-static response

Fig. 3a shows the electromechanical curves of the GNP/PEGDGE
sensors under tensile conditions. Here, it is important to point out that
only the 8 and 10 wt% samples were tested as the electrical conductivity
of the 2, 4, and 6 wt% samples were below the threshold of the moni-
toring device. It can be observed that the electrical resistance increases
in a linear—exponential way with the applied strain. This is explained by
the prevalence of the tunneling mechanisms between neighboring
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nanoparticles. This tunneling effect follows a linear-exponential way
accordingly to the well-known Simmons formula [38]. In this regard,
Fig. 3b summarizes the GF values calculated from the electromechanical
curves as a function of the applied strain. It can be observed that the GF
is higher for the 8 wt% samples, as expected, due to the higher tunneling
distance between neighboring nanoparticles that induces a more pro-
nounced exponential effect and, thus, a higher electrical sensitivity to
mechanical strain. Moreover, the values of the GF are around 50-100 at
low strain levels (1-2%) and around 1000-2500 at high strain levels
(10%). These GF values are similar to those obtained for GNP-based
sensors, which showed an ultrasensitive response [21,39-42], and are
quite above those obtained for other nanoparticle-based sensors (rGO
[43], CNT [44-46], AgNW [47,48], Gold [49]) and conventional
metallic gauges (GF around 2-4) [50].

On the other hand, the electromechanical behavior under the
compressive load of the GNP/PEGDGE sensors was also evaluated
(Fig. 3c). Here, it can be observed that the electrical response is quite
different from those observed at tensile conditions. First, a slight
decrease in the electrical resistance is observed, whereas at higher strain
levels the electrical resistance starts to increase. This behavior has been
observed in other studies [51,52] and it is correlated to the different
interactions that may take place between neighboring nanoparticles. At
low strains, there is a decrease in the electrical resistance due to the
prevalence of in-plane contacts, which induces a reduction of the
tunneling distance between neighboring nanoparticles (Fig. 3d). How-
ever, at high strains, the out-of-plane contacts are much more prevalent
and due to Poisson’s effect, the out-of-plane interparticle distance is
increased and, thus, the electrical resistance. Furthermore, Fig. 3e
summarizes the GF values at compressive conditions. In this case, a
reduction of the GF is observed when compared to tensile conditions.
This reduction is explained by the previously commented combined
effect of the in—plane and out-of-plane mechanisms. Moreover, the GF
increases with decreasing the GNP content, as explained before, due to a
higher prevalence of tunneling mechanisms by increasing the interpar-
ticle distance.

3.2.2. Cycling tests

The graphs of Fig. 4a-d show the electromechanical response of the
GNP/PEGDGE sensors under cycling load for 500 tensile load cycles.
Here, several can be stated. First, the change of the electrical resistance
in a single cycle increase, as expected, with the applied strain and the
decreasing GNP content due to the previously commented prevalence of
tunneling mechanisms, as shown in Fig. 4a and b. It can be observed that
the electrical resistance changes are even significant at low strain levels
(1%), indicating the good applicability of the developed sensors for the
detection of small movements. Second, it can be also noticed that the
peak and baseline values of the electrical resistance slightly decrease
with increasing the number of cycles. This effect can be correlated to the
intrinsic viscoelastic behavior of the PEGDGE. In fact, a delayed
response of the mechanical load can be observed with increasing the
number of cycles. This delayed mechanical response induces, thus, a
delayed electrical response that explains the changes in the peak and
baseline values. In addition, these changes are more prevalent in the
10 wt% GNP samples as the delay in the mechanical response is also
more pronounced (Fig. 4b and c). However, in any case, when
comparing consecutive cycles, a robust electrical response can be found.

Fig. 4e-h summarizes the electromechanical response under cycling
load in compressive conditions. Fig. 4e and f showed that the electrical
resistance change in a single cycle is lower than in tensile conditions, as
expected, due to the previously explained combined effect of the
in—plane and out-of-plane mechanisms. Furthermore, it can be also
noticed that the changes in the peak and baseline values throughout the
test are more prevalent than in tensile conditions. This can be explained
by the inherent irreversibility of the electrical network induced during
the compression, which can be attributed to the presence of some irre-
versibility in the GNP network during load-unloading. Here, it is
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Fig. 4. : Electromechanical response under cycling load in tensile conditions for (a), (c) 8 wt% and (b), (d) 10 wt% GNP samples. Electromechanical response under
cycling load in compressive conditions for (e), (g) 8 wt% and (f), (h) 10 wt% GNP samples. (i) Tensile cycling stability at different strain frequencies up to 5% strain

level and (j) transient response up to 1% and 5% strain level of the 8 wt% GNP sensor.
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Fig. 4. (continued).

possible that the GNPs do not recover their initial position after the
unloading, leading to the continuous creation and breakage of new
electrical networks [53-55]. When increasing the number of cycles,
however, the electrical response is more stable and the changes in the
peak and baseline values are less pronounced.

It can be also observed that there is a delayed mechanical response
(Fig. 4g and h), that contributes, as explained before, to the changes in
the peak and baseline trends of the electrical response during the cycling
test. However, again, the electrical response under consecutive cycles is
found to be quite similar, indicating high robustness of the developed
Sensors.

Fig. 4i shows the electrical response of the 8 wt% GNP sensor under
tensile dynamic load up to 5% strain with varying load frequency from
20 to 200 mm/min. Here, the electrical response indicates a similar
sensitivity regardless of the frequency of the dynamic load, that is, good
robustness. Finally, Fig. 4j presents the transient response in two cycles
up to 1% and 5% strain levels. Both the response and recovery time are
in the range of milliseconds (~300 and ~400-600 ms, respectively),
which is in good agreement with the response and recovery times
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obtained for other similar sensors [56-58]. In addition, it can be
observed a slight decrease when the applied strain is constant due to the
inherent viscoelastic behavior of the matrix.

3.3. Proof-of-concept analysis

Several tests of GNP/PEGDGE sensors were carried out to prove their
applicability as wearable strain sensors. The 8 wt% GNP samples were
selected for these tests due to their higher electromechanical sensitivity
in a wide range of strain levels, as observed before.

In this regard, Fig. 5 summarizes the results of these tests. It can be
observed that the proposed sensors showed an ultrasensitive response to
mechanical strain. More specifically, they were proven as pressure
sensors (Fig. 5a). Here, it can be noticed that the electrical resistance
increases when pressing the sensor and the variation is higher when
increasing the pressing force (Video S1).

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2023.114448.

A similar behavior is observed when subjecting the sensor to bending
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Fig. 5. : Electrical response of the optimized GNP/PEGDGE sensor (a) as a pressure sensor, under (b) bending or (c¢) twisting conditions and (d) breath detection in a

FFP2 mask.

(Fig. 5b). Here, the electrical resistance changes accordingly to the
bending degree (Video S2) and recovers the initial state during the
stretching. Under twisting conditions (Fig. 5c) the behavior is quite
similar, with a more prevalent increase of the electrical resistance when
increasing the twisting angle of the sensor (Video S3). Therefore, these
basic proof-of-concepts showed a high electrical sensitivity of the pro-
posed sensors under low and high strain levels.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2023.114448.

Furthermore, Fig. 5d shows the resistance response of this sensor
applied to a conventional mask for breath detection. It can be observed
that the sensors are able to monitor both the breath-in and breath—out
(Video S4). This can be explained because when the subject breathes, it
induces a slight deformation of the mask, which is translated to a small
strain on the sensor, leading to a significant change in its electrical
response due to its proven ultra-high sensitivity. This capability for
breathing monitoring was previously observed in another study by the
authors using GNP/PDMS samples but directly applied to the neck. In
this case, the application of these sensors over the mask surface would be
much more practical.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2023.114448.

Regarding remotely monitoring a subject’s breath with the nano-
composite attached to a mask, three different tests performed by the user
in a relax mode, combining calm and exited states and breathing while
walking gave proper results (Video S5, S6, and S7, respectively) and was
in agreement with the resistance change signals measured directly with
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the multimeter. Fig. 6 shows the breath rhythm monitored in the IoT
with Ubidots and TTS connected when voltage signals were transmitted
remotely using LoRa communication protocol. Periodical pulses with
frequency rates of 0.2 Hz and bandwidths of 1 Hz could be monitored
properly on a big screen of a PC connected to the internet (Fig. 6a and c).
A faster acquisition rate of 2 Hz could be observed when the subject was
breathing in a more excited state (Fig. 6b). According to the results
obtained, breath monitoring with LoRa communication protocol is
possible despite its narrow bandwidth.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2023.114448.

Therefore, by analyzing this proof-of-concept it can be concluded
that the developed material with remote tracking opens the possibility of
monitoring the breath rhythm and other vital parameters in the screens
of a hospital or client connected to a central server so that patients are
monitored and controlled in real-time.

4. Conclusions

The electromechanical response and real-applicability with remote
monitoring by using Internet of Things (IoT) technologies of ultrasen-
sitive and stretchable sensors made of GNP-doped PEGDGE were
investigated.

The analysis of strain monitoring response under both tensile and
compression conditions of nanocomposites is studied in detail. Accord-
ing to quasi-static analysis, the values of the GF in tensile mode are
around 50-100 at low strain levels (1-2%) and up to 1000-2500 at high
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Fig. 6. : Remote mask breathing monitoring with LoRa/IoT technology (a) in a relaxed mode (b) in a calm and exited mode and, (c) in a calm mode while walking.

strain levels (10%), while the GF in compression mode is around 20 at
low strain levels (5%) and 80 at high strain levels (20%). Regarding
cycling tests, electromechanical responses under 500 tensile and
compression load cycles up to 1%, 2.5%, and 5% strain levels prove their
high stability and fast response.

The 8 wt% GNP nanocomposite was selected for the tests due to its
higher electromechanical sensitivity. The general proofs-of-concepts
for pressure, bending, and twisting demonstrate the ability of these
sensors to detect various magnitudes and types of deformations. Finally,
a trial of human breathing monitoring with the optimized sensor
attached to the surface of the FFP2 mask is carried out. The subject’s
breathing rhythm (combining relaxed and excited modes while walking)
is monitored remotely using the LoRa communication protocol on the
Internet of Things and The Things of Stack.

Therefore, the easy-manufactured GNP/PEGDGE nanocomposites
showed an outstanding potential and applicability in monitoring the
human breath rhythm and other vital parameters in screens so that
patients’ health is known by doctors and relatives in real-time.

Supporting information

Video S1. Pressure sensing - Video S2. Bending sensing - Video S3.
Twisting sensing — Video S4. Breathing monitoring — Video S5. Normal
breath IoT - Video S6. Normal and stifled breath IoT - Video S7. Normal
breath while walking IoT.
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