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ABSTRACT: Highly stretchable strain sensors based on carbon nanotube (CNT)-
reinforced Ecoflex silicone rubber are developed for breathing monitoring purposes. The
addition of CNTs promotes an improvement in electrical conductivity and mechanical
properties (Young’s modulus and tensile strength) due to its good dispersion in Ecoflex.
The evaluation of strain monitoring response, in both tensile and compression
conditions, indicates a wide strain detection range and an ultrasensitive response at
high strain levels, reaching a gauge factor of around 10* at 70% or 10° at 300% for 0.3 and
0.7 wt % CNT-reinforced sensors, respectively. They show a quite stable electrical
response under 2000 cycling loads and different levels of frequencies. Moreover, the
response and recovery times are in the range of milliseconds (~600 and ~800 ms,
respectively). Finally, a proof-of-concept of wireless facemask breathing monitoring was
carried out with Bluetooth Low Energy technology and a platform that has been
developed to acquire, filter, visualize, and store the breathing signal. With this, the
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respiration rate can be unequivocally monitored as well as the difference between inspiration and expiration. Thus, this type of trial is
proposed for breath monitoring in medical analysis, emergency teams, or first aid.
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B INTRODUCTION

Nowadays, there is an increasing interest in the development of
wearable devices for strain monitoring purposes. Among
others, stretchable strain sensors based on nanocomposites,
that is, polymers reinforced with nanoparticles, often show
improved sensitivity, resolution, reduced weight, cost-effective-
ness, and accuracy compared to conventional sensors.” This
makes them ideal for use in a variety of applications, including
human motion monitoring,2 structural health monitoring,3 or
soft robotics.*’

Furthermore, due to the COVID-19 pandemic, people are
increasingly interested in real-time monitoring of their
physiological indicators such as pulse, blood pressure,
heartbeat, and breath.’ As a result, the ability to accurately
detect these indicators has become a crucial feature in current
smart health monitoring devices. More specifically, there are
respiratory illnesses such as tonsillitis, the common cold,
influenza, pneumonia, asthma, etc., where medical managers
desire to monitor human respiration remotely to assess the
development of the disease. Flexible wearable sensors, which
are a key component of these devices, have become a focus of
research in the field of strain sensing.

Among the wide range of nanofillers that can be used to
manufacture wearable strain sensors, carbon nanotubes
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(CNTs) are very promising because they can greatly enhance
the electrical conductivity of an insulating polymer when
added to it in a relatively small proportion in comparison with
other alternatives such as graphene nanoplatelets (GNPs) or
carbon black (CB).””” CNTs can generate an electrical
percolation network that is very sensitive to strain, causing
changes in the overall electrical conductivity due to the
creation or breakage of conductive pathways when the material
is subjected to a strain field. More precisely, the strain of the
doped polymer promotes changes in the distances between
conductive neighboring nanoparticles, which have a very
sensitive effect on tunneling conduction mechanisms.'’ This
property allows CNT-based sensors to detect strain by
measuring changes in their electrical conductivities.'' Several
methods can be used to manufacture CNT-doped flexible
polymer strain sensors, including solvent casting,'” melt
blending,'” and in situ polymerization.'* Each of these
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methods has its advantages and disadvantages, and the optimal
method will depend on the specific application.*

Different silicone elastomers are used for developing CNT-
doped wearable strain sensors, such as homemade silicone,'®
Ecoflex,'”*® or PDMS."”™* On the one hand, PDMS is
commonly used due to its high Poisson ratio (~0.5), which
increases the sensitivity by promoting a higher interparticle
variation when applying a strain level. However, the high
Young’s modulus (between 0.4 and 3.5 MPa) in its
stoichiometric ratio”* can make it difficult to adhere on
devices or skin. In comparison, the Ecoflex polymer has a lower
elastic modulus (typically between 100 and 125 kPa) and
higher elongation at failure,™ making it more suitable for
attachable strain sensor applications.”® In addition, it is a good
alternative that would not promote a significant increase in the
cost of the sensor due to the commercial availability of the
Ecoflex rubber.

Given the state of the art, there are smart masks that are able
to detect CO, levels, breathing, or body temperature with
different sensors,”’ ' but these are heavy and have great
limitations for the comfort of the person who uses them.
Another strategy to detect respiration is based on monitoring
the humidity caused by inspiration/expiration, where extensive
work has been done on nanocomposite-based humidity
sensors.”>”*> Moreover, there are some superficial proofs-of-
concept with an attached nanocomposite in the mask,”*® but
the signal is not remotely monitored. Nowadays, there is no
cheap, wearable, and integrated solution to monitor the
breathing of patients wirelessly.

The purpose of this study is to design a CNT—Ecoflex
polymer wearable strain sensor for wireless monitoring of
breathing through a mask by using wireless technology. Thus,
the respiration rate can be recorded due to the strain changes
that occur in the mask, with a sensor glued to the outside of
the mask. The first step in this process involves conducting an
electrical and electromechanical study to determine the
optimal conditions for maximum sensitivity under tensile and
compression conditions. Next, the robustness of the electrical
response to tensile cycling loads is evaluated. Finally, the
optimized sensor is placed in a mask to test its ability to
monitor human breath. To verify the results, an acquisition and
processing electronics board has been developed to send the
signal wirelessly.

B EXPERIMENTAL METHODS

Materials. The sensors were based on a CNT-reinforced silicone
elastomer. The silicone elastomer Ecoflex 00-30 was provided by
Smooth-On, as a two-component system (part A and part B), which is
constituted by equal-mixing and platinum-catalyzed, 3000 mPa-s
being its room-temperature viscosity. Multi-walled CNTs NC7000
were supplied by Nanocyl, having a surface area of 250—300 m*/g, an
average diameter of 9.5 nm, and a length of up to 1.5 ym with 90%
carbon purity.

Manufacturing of CNT-Reinforced Ecoflex Sensors. Ecoflex
nanocomposites were manufactured dispersing 0.1, 0.2, 0.3, 0.5, and
0.7 wt % CNT contents by a three-roll-milling procedure in a mini-
calendar EKATK 80. These contents were chosen to explore the
percolation threshold of the system and the electromechanical
behavior under tensile and compression loads.

First, CNTs were added separately to Ecoflex parts (A and B) and
manually mechanically mixed by hand for 2 min. After this, the
dispersion stage by a three-roll-milling process was carried out. The
process consisted of passing the CNT—Ecoflex mixture through three
adjacent rollers rotating in opposite directions and at different speeds
with a progressive reduction of the gaps between subsequent rollers.

Here, the shear forces applied as the mixture flows through the rollers
promote the breakage of CNT agglomerates, and thus, their
dispersion in the Ecoflex matrix was achieved. Finally, the mixture
was collected by a blade system after the third roll. The calendaring
parameters were previously optimized®” and are listed in Table 1.

Table 1. Process Conditions for the Calendaring Dispersion
at Room Temperature

cycle first gap (ym) last gap (pm) roll velocity (rpm)

1 120 40 1 28
2 75 25 2 125
3 45 15 3 250
4-7 15 N

Next, each mixture was heated to 80 °C and placed under vacuum
conditions for 20 min to remove the bubbles that had been trapped
during the dispersion process. Then, both doped parts were manually
mixed for 2 min. The mixture was then poured in a mold with the
final geometry of the samples that had been treated with a layer of a
poly(vinyl alcohol)-based release agent. Finally, the system was cured
at room temperature for 1 day, which is one of the curing cycles
indicated in the Ecoflex data sheet.

Characterization. Analysis of CNT Distribution. Nikon Coolpix
990 light transmission optical microscopy (TOM) was used to study
the CNT distribution just after the calendaring procedure and before
the curing stage by placing a drop of the mixture between two mica
crystals. In addition, Image] software was used to analyze the average
size of the aggregates from the TOM images.

Electrical Conductivity Measurements. DC electrical conductivity
was evaluated by using a Keithley 2410 source meter unit. The current
carried was measured by applying different constant voltages, from
—20 to 20 V, using at least three specimens of 60 X 18 X 5 mm?®
dimensions. The electrical resistance was calculated by measuring the
slope of the current—voltage curve. For the experiments, four copper
electrodes were attached to the nanocomposite specimen by using
conductive silver ink to perform a four-probe measurement, as shown
in Figure la.

Electromechanical Tests. The electromechanical behavior of the
nanocomposites was evaluated under tensile and compression loads
using a ZwickRoell Z100 universal tensile machine. At least three
specimens of each condition were tested using a 500 N load cell. In
this regard, tensile tests were performed following ISO 527-1:2020 at
a test rate of 40 mm/min and a preload of 0.5 N, while compression
tests were carried out on specimens with dimensions 15 X 15 X 10
mm?, at a test rate of 5 mm/min, a preload of 1 N, and up to a strain
level of 0.45 mm/mm.

Simultaneously with the mechanical test, electrical characterization
was carried out by monitoring the electrical resistance changes of the
specimens between two electrodes. An Agilent DAQ970A data
acquisition system with a DAQM902A module was used for this
purpose. Figure 1b shows the arrangement of copper wire electrodes
attached with silver ink to the nanocomposites. In addition, the
samples were electrically isolated from the metallic grips by the
application of an adhesive layer. The strain sensitivity or gauge factor
(GF) was calculated at different strain levels for tensile and
compression loads and was obtained by dividing the normalized
electrical resistance by the applied strain, as shown in eq 1

_ AR/R,
T« 1

where R, is the initial electrical resistance, € is the applied strain on
the sample, and AR is the instantaneous electrical resistance
increment at the initial electrical resistance.

The hysteresis was evaluated after a loading and unloading cycle up
to 40% strain and at the test rate of 40 mm/min (same as previously
mentioned). The long-term stability of the optimized sensor (0.3 wt
% CNT) was evaluated by recording the electrical response over 2000
tensile cycles up to S5 and 60% strain levels at a fixed rate of 50 mm/

GF
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Figure 1. CNT—Ecoflex specimens and electrode disposition in (a) electrical conductivity and (b) tensile/compression tests. (c) Scheme of
wireless facemask breathing monitoring via Bluetooth connection and a (d) real electronic panel.

min. Furthermore, the behavior of the electrical response under
different tensile frequencies (10, 20, 30, SO, and 100 mm/min) was
studied in S tensile cycles. The transient response of the optimized
sensor was evaluated in terms of response and recovery times, which
were analyzed by applying a 2% strain level to the sensor for 10 s and
then recovering the initial position at the same rate. In this case, the
strain rate for the stretch and recovery was 200 mm/min.

Temperature Test. The DC electrical resistance was measured,
while the conductive nanocomposites were subjected to a temperature
variation in an oven, from 30 to 100 °C. It was measured by using the
same multimeter as mentioned in the previous section.

Wireless Facemask Breathing Monitoring. A human respiration
detection test was performed by placing the optimized sensor with
dimensions of 30 X 3 X 1.5 mm? in a conventional mask (FFP2), as
shown in Figure 1c. Electrodes were placed at the ends of the sensor
and fixed with silver ink and an adhesive layer. The sensor was placed
on one side of the mask. This causes variations in its resistance value
above its nominal value due to the strain produced in the mask by the
breath stresses.

To capture and process the signal, a microcontroller-based
acquisition system was designed and implemented, including a
Bluetooth Low Energy (BLE) interface. The system was composed of
two interconnected cards (Figure 1c): the first one was the signal
conditioning circuit containing all of the elements coming from the
sensor and the second one contained the embedded system and
wireless communication block.

The first stages of signal sensing and conditioning corresponded to
a classic structure consisting of a Wheatstone bridge, an instrumental
amplifier, and a low-pass filter. The analogue input range supported
was between 0 and 3.3 V. The designed circuit included different
potentiometric adjustment elements that allowed calibration of the
output voltage of the bridge, the gain, and the output offset of the
instrumental amplifier. The output signal was delivered to a
microcontroller in charge of both the signal digitization process and
the wireless communication to a PC.

Since the objective was to measure resistance variations, a
Wheatstone bridge was used in the first stage. This configuration
allows detecting very weak variations of the sensor resistance due to
the low strain levels that human breathing promoted in the mask. The
rest of the resistors had the same value as that of the sensor in the
resting state. This design rule was followed to obtain the highest
sensitivity of the system. Thus, variations of R for R, were converted
into an electrical signal (potential difference) that followed the human

breathing.

Once the analogue signal was amplified, it was necessary to digitize
it for data transmission and recording. For this purpose, the analogue-
to-digital converter included in the MCU (microcontroller unit) was
used. The analogue input range supported was 0 to 3.3 V; ie., the
input signal to the ADC (analog-to-digital converter), delivered by the
instrumentation amplifier, had to have that range of variation. For this
purpose, the gain of the amplifier could be adjusted by means of a
potentiometer.

Considering that the input signal had very low-frequency
components (<1 Hz), the sampling, signal range, and latency
requirements demanded by the system were easily met by many
commercially available integrated systems (Figure 1d). The selected
MCU operated at 3.3 V and included a 32-bit Arm Cortex-MO
SAMD21GI8A processor (48 MHz). A u-blox NINA-W102 module
was also added to ensure the BLE connectivity. BLE enables
communication between devices and operates at 2.4 GHz (industrial,
scientific, and medical band), allowing a maximum transfer rate of
approximately 1 Mbps. It uses Advanced Encryption Standard
encryption and configurable security. This module grants a range of
10—15 m, which is not a minor problem when the signal in question
shares the wireless channel with several devices. The ADC can process
variables using a tunable resolution of 8, 10, to 12 bits. Once the
signal was digitized, the MCU sent the signal through the BLE
interface. The use of BLE was chosen because it had, among others,
the following advantages: the power required was very low, the
coverage and sending speeds were more than sufficient for the
application, and it had high compatibility with many other systems
such as the most current mobile devices. The receiver used was a PC
with Bluetooth connectivity. A Matlab application was developed to
visualize and process the signals in real-time. The data were visualized
and stored in files for further study through a user-friendly interface.

In this regard, our system was oversized to meet these requirements
so that it can be used in other conditions or future applications. It was
ensured that the signal of interest can be sampled up to a maximum of
180 samples per second, being sufficient for the respiration signal
under different conditions (12—20 breaths per minute).

B RESULTS AND DISCUSSION

The electrical and electromechanical properties of the CNT—
Ecoflex nanocomposites were tested under tensile and
compression conditions. Next, the sensor with the highest
strain sensitivity was subjected to consecutive load cycling to
demonstrate its robustness and stability. Finally, a test was
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Figure 2. (a) Electrical conductivity measurements and (b) I—-V curves for the CNT—Ecoflex nanocomposites.
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Figure 3. TOM images of the electrically conductive CNT—Ecoflex dispersions achieved before the curing step in (a) 0.3, (b) 0.5, and (c) 0.7 wt %
CNT nanocomposites. (d) Histogram of agglomerate size for the different conditions.

performed to wirelessly monitor human respiration using the
optimized sensor placed in a mask and connected via a BLE
interface.

Electrical Conductivity Study of CNT—Ecoflex Nano-
composites. Figure 2a summarizes the electrical conductiv-
ities measured for the different CNT contents tested for the
fabricated nanocomposites. It can be observed that the samples
with less than 0.3 wt % CNTSs are below the threshold of the
measurement device (10™° S/m), so they can be considered as
electrically nonconductive, and therefore, the percolation
threshold is determined between 0.2 and 0.3 wt % CNT. At
higher contents, an increase of the electrical conductivity is
observed when increasing nanoparticle content, as expected,
due to a higher number of electrical pathways present in the
network. In all cases, the current—voltage response was

observed to be linear (Figure 2b), denoting ohmic behavior.
Furthermore, the electrical conductivity values were in a
similar range to those found in previous studies using other
commercial silicone elastomers,” demonstrating the disper-
sion effectiveness of the three-roll-milling method.

The effectiveness of the three-roll-milling method in
achieving a homogeneous dispersion can be observed in the
CNT distribution by TOM analysis of the CNT—Ecoflex
droplets. Here, it can be observed that the CNTs are well-
dispersed throughout the material in each conductive
condition (Figure 3a—c), without the presence of prevalent
CNT aggregates. More specifically, from these images, it is
possible to quantify the average size of the aggregates, the
results of which are summarized in Figure 3d. Here, it can be
observed that the size distribution of the CNT aggregates does
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Figure 4. Tensile electromechanical curves of (a) 0.3, (b) 0.5, and (c) 0.7 wt % CNT-reinforced Ecoflex. (d) GF, (e) hysteresis level, and (f)
mechanical properties as a function of CNT content in the tensile mode of the developed nanocomposites.

not significantly vary between tested conditions (only a slight
increase in the proportion of larger aggregates with increasing
CNT content). Therefore, it can be concluded that the
effectiveness of the three-roll-milling process is quite high and,
thus, would explain the continuous increase of electrical
conductivity with CNT content, not reaching saturation values
at the highest content (0.7 wt %). Moreover, it is well-known
that, at very low CNT contents, the efficiency of the three-roll-
milling method may be significantly lower, with the presence of
more isolated CNT regions and nonpercolated areas (Figure
3a and b),*” whereas at higher CNT-contents, the increasing
viscosity can promote a more aggressive breakage of CNT
aggregates.

Quasi-Static Electromechanical Study of CNT—Eco-
flex Sensors. The electromechanical response under quasi-
static load conditions, both tensile and compressive, is
analyzed to better understand the electrical sensitivity of the
proposed sensors.

Tensile Mode. Figure 4 shows the electromechanical
behavior and mechanical characteristics of the CNT—Ecoflex
samples under quasi-static tensile loading.

First, a linear-exponential correlation is observed between
the applied strain and the electrical resistance measured for
every condition (Figure 4a—c). This linear-exponential
correlation is explained by the predominance of tunneling
mechanisms over the contact and intrinsic ones. It is well-
known that this tunneling transport follows a linear-
exponential correlation with the interparticle distance,
according to Simmons’ expression.*’ This exponential behavior
is more prevalent with decreasing CNT content due to the
higher dominance of the tunneling mechanisms under these
conditions. More specifically, the GF increases more drastically
for samples with 0.3 wt % CNT than for those with 0.7% wt %
CNT, as shown in the plot of Figure 4d. In this case, although

the GF at low strains is relatively small, the sensors are able to
monitor a much wider range of strain levels than other sensors
based on GNPs, where the loss of the electrical conductivity is
achieved at much smaller strain levels.'”*' However, the GF
reached at high strain levels is around 10* at 70% for 0.3 wt %
CNT or 10° at 300% for 0.7 wt % CNT sensors. Hysteresis was
evaluated after a loading and unloading cycle of up to 40%
strain and at the same speed as the tensile tests indicated, as
indicated in Figure 4e. The developed sensors show some level
of hysteresis, explained by the viscoelasticity of the matrix.

Furthermore, the CNT addition does not only provide
electrical conductivity to the Ecoflex insulating hosting matrix
but also has a significant effect on the mechanical properties of
the system. Specifically, there is an increase of both Young’s
modulus and tensile strength with CNT content (Figure 4f)
due to the reinforcing effect of the CNTs. In fact, the increase
of both strength and stiffness is an indicator of a good
distribution of CNTs.** Moreover, the elongation at break
slightly decreases with CNT content, but the values are well
above those found for other flexible strain sensors.'”**

Figure 5 shows the GF value and maximum working strain
range of the developed nanocomposites compared to those of
other carbon-based flexible strain sensors reported in the
literature. The comparison is made with a wide range of
flexible polymers (PDMS, Ecoflex, TPU, or IR) doped with
carbon nanoparticles (CNT, CB, and graphene).'”*"*%#753
Most of these sensors cannot satisfy the requirements of a high
GF and large strain range simultaneously, while nano-
composites obtained in this work stand out. As discussed
above, the GF value of developed sensors consistently
increases within the entire strain range, indicating that the
conductive network is not completely disconnected, making it
potentially useful for practical applications.

https://doi.org/10.1021/acsapm.3c01689
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsapm.3c01689?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01689?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01689?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c01689?fig=fig4&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c01689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

. ']06 . J T T T T
S *
g 105 1 Challenge:
e v high GF and stetchability -
() *
g, 1004 %
S v .
3 ]

P 10 v °
g 102 O.’ O % This work
o 3 v © PDMS
= .. V Ecoflex
g 10" 5 p TPU
£ ~) Other
% 1004 P v o CB
© v & CNT
= 1 # Graphene|

10 T T T T T T

0 2 4 6 8 10 12

Maximum stretchability (mm/mm)

Figure S. Comparison of the maximum tensile GF reached at the
maximum strain level of developed strain sensors in the literature.

Compression Mode. Figure 6 shows the electromechan-
ical behavior and mechanical properties of the CNT—Ecoflex
nanocomposites under compression loading.

It can be observed that the electrical response also follows a
linear-exponential trend as a function of applied strain (Figure
6a—c), as was also observed in tensile tests, due to the
prevalence of tunneling transport mechanisms. However, many
differences can be found when compared with the electro-
mechanical behavior at tensile loading. First, and surprisingly,
an increase of the electrical resistance is observed under
compressive conditions, showing, in this case, a lower GF
value. This has been observed in previous studies'”** and is
correlated to the variation of the geometrical network of the
CNTs during the compression. More specifically, the changes

in the geometry, even under compressive conditions, can lead
to a decrease in contact mechanisms and thus an increase of
the electrical resistance.”* In addition, it can be noticed that
the GF values are significantly lower than those in tensile
conditions (Figure 6d). This is explained by the mechanisms
acting in this case since two prevalent effects can be found: (i)
on the one side, a decrease of the electrical resistance due to
in-plane effects and (ii) an increase due to the out-of-plane
effects, a fact observed previously by Kuronuma et al.”> The
prevalence of out-of-plane or in-plane mechanisms governs the
electrical behavior under compressive conditions and thus
explains the lower sensitivity under these conditions.

Regarding the mechanical properties, it is observed that the
addition of CNTs promotes a significant increase in the
compressive modulus (Figure 6e). Here, it can be observed
that, by increasing the CNT content, a greater stiffening effect
occurs, especially, at high strain levels, due to the reinforciq%
effect of CNTs that promotes a more efficient load transfer.”

Dynamic Electrical Analysis of Optimized CNT-
Ecoflex Sensors. Figure 7 shows the electromechanical
response to cycling load as well as the response and the
recovery times of the CNT—Ecoflex sensor. At this point, it is
important to note that only the 0.3 wt % CNT nanoreinforced
sensor was tested as it showed the highest values of sensitivity
and would therefore be the most appropriate for strain
detection purposes.

It can be observed that the proposed sensor presents a fairly
stable electrical response under cyclic loading (Figure 7a and
b). The electrical response changes more drastically during the
first cycles due to the reorganization of the electrical network
in the early stages of the dynamic tests, which is more
pronounced with the higher strain level because these effects
are accentuated. More specifically, this irreversibility during the
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Figure 8. (a) Test scenario and (b) wireless facemask breathing monitoring with raw data received in the application. (c) Digital low pass filter
parameters, (d) magnitude (in blue), and phase (in orange) response. (e) Wireless facemask breathing monitoring with the filtered signal.

first few cycles has been widely observed.””*

However, as the
number of cycles increases, the electrical response stabilizes
with no differences prevailing in terms of sensitivity between
consecutive cycles (highlighted regions in Figure 7a,b).
Moreover, Figure 7c shows the electrical response under

dynamic loading up to 5% strain with variable load frequency.

Here, the frequency increases with an increasing test rate. It
can be elucidated that the electrical response is in good
agreement with the mechanical one, with a similar sensitivity,
regardless of the frequency of the dynamic load. Therefore, it
can be concluded that the sensor presents a very stable
response and a good robustness.
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Finally, Figure 7d presents two fundamental parameters to
characterize the performance of the sensor: response and
recovery times. The first is related to the delay between the
applied mechanical force and the electrical response due to the
mechanical change. The second is correlated to the delay
between the mechanical force when it is withdrawn and the
expected electrical response, which would be similar to the
initial situation. Therefore, high response and recovery times
would denote a greater delay between the mechanical and
electrical responses that would negatively affect the perform-
ance of the sensor. Here, from analysis of the graphs of Figure
7d, it can be seen that both the response and recovery times
are in the millisecond range (~600 and ~800 ms,
respectively), which is in good agreement with the response
and recovery times obtained for other strain sensors,”” %>
highlighting the applicability of the developed sensors for the
detection of strain. Furthermore, when analyzing the electrical
response to constant load, it can be observed that it decreases
slightly at the first stages of the applied load due to the
inherent viscoelastic behavior of the Ecoflex matrix.

Wireless Facemask Breathing Monitoring. Some tests
have been performed with the described acquisition and
processing system by connecting the optimized sensor (0.3 wt
% CNT) attached to the facemask and to the Wheatstone
bridge. These tests consisted of a person wearing an FFP2
facemask with the sensor taking several normal and rapid
breaths. The different breathing rates cause variations in the
strain level in the facemask, which is replicated by the highly
flexible sensor. Thus, the sensor generates changes in its
electrical resistance. In this regard, it is important to note that
the temperature changes produced by breathing do not have a
significant impact on the electrical response of the developed
sensors, at least up to 60 °C, as shown in Figure S1 of the
Supporting Information. On the other hand, the sensor is
attached with an adhesive tape on the outside of the facemask,
so the humidity that may occur during breathing should not
have any influence on the electrical response as these two
barriers (the mask fabrics and the adhesive tape) are present.
Additionally, in a previous study of a CNT-doped PDMS
elastomeric matrix, we demonstrated that hydrothermal aging
conditions have no impact on the electrical response of the
nanocomposites.23

The sensor data, collected by the system, are received
wirelessly (BLE) by a computer for further analysis. Figure 8a
shows a picture of the test scenario, which is a frame of Video
S1 available in the Supporting Information, while Figure 8b
indicates the raw data in the application.

A digital filter was implemented to properly analyze the
received signal since the respiration information is a low-
frequency signal (usually <1 Hz). It is composed of a low-pass
filter with the characteristics shown in Figure 8c, where the
magnitude and phase response of the filter versus frequency are
shown in Figure 8d. The purpose of this processing stage is to
remove the high-frequency components due to electronic
noise, interferences, etc. The tests were carried out at a high
sampling rate (180 samples per second) to show the
possibilities of the system. Since the breathing frequency is
very low, it is necessary to implement a very restrictive high-
order filter, which implies, among other effects, a delay of the
output signal of about 300 ms. The optimum solution for this
application would be to reduce the sampling frequency by
about 20 Hz. Figure 8e shows the results of the signal recorded
and filtered in a two-phase experiment: in the first phase, 9

normal breaths are recorded, while in the second phase, a
series of rapid breaths are monitored, starting at approximately
53 s. Here, the frequency of breathing and the differences
between inspiration and expiration are clearly distinguishable.

The developed system is modular, has low-power con-
sumption, and can be powered by batteries, making it suitable
for different wearable applications. For this reason, the proof-
of-concept demonstrates the great potential of combining
ultrasensitive sensors with adapted electronics for the wireless
monitoring of respiration. Therefore, this type of trial is
proposed for breath monitoring in medical analysis, emergency
teams, or first aid.

B CONCLUSIONS

The electromechanical response of highly stretchable sensors
for facemask breathing monitoring made of a CNT-reinforced
Ecoflex was investigated.

The electrical conductivity analysis shows that the
percolation threshold is between 0.2 and 0.3 by weight of
CNTs, and an increase in the electrical conductivity is
observed with increasing nanoparticle content, considering
the good CNT distribution in the Ecoflex matrix at every
conductive condition. Moreover, the CNT addition not only
provides electrical conductivity to the insulating Ecoflex
polymer but also provides an increase of both Young’s
modulus and tensile strength with CNT content. Thus, the
reinforcement effect of CNTs is corroborated due to its good
dispersion into the elastomeric matrix.

Evaluation of strain monitoring response, under both tensile
and compression loading, indicates low GF values at low strain
levels but a wide strain detection range. In this sense, an
increase in the CNT content caused a decrease in the
sensitivity but an increase in the detection range. For tensile
conditions, an ultrasensitive response to high strain levels is
observed, reaching a GF of around 10* at 70% for 0.3 wt %
CNT or 10° at 300% for 0.7 wt % CNT sensors.

Regarding the dynamic response of the optimized sensor
(0.3 wt % CNT), it shows a fairly stable electrical response
after 2000 cycles of variable load and different frequencies.
Nevertheless, the electrical response changes more drastically
during the first cycles of the dynamic tests due to the
reorganization of the electrical network in this stage. Response
and recovery times are in the millisecond range (~600 and
~800 ms, respectively).

Finally, a proof-of-concept of wireless monitoring of
respiration with a facemask was carried out with BLE
technology and a hardware platform that was developed to
acquire, visualize, and store the breathing signal. The entire
process of acquisition, transmission, and reception of data that
allows visualization and identification of different breathing
modes was validated. Thus, this type of trial is proposed for
breath monitoring in medical analysis, emergency teams, or
first aid.
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