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A piezoresistance-based stretchable nanocomposite strip that can be attached to a face mask was
developed. The wireless acquisition of respiratory activities using this nanocomposite strip was
demonstrated. A polyurethane/functionalized-multiwall carbon nanotube (PU/f-MWCNT) nanocom-
posite was prepared by functionalizing MWCNTSs and integrating them with PU. The functionalization of
MWCNTs was confirmed using FTIR analysis. A study on the effect of carboxylic functionalization of
MWCNTs on the dispersion of MWCNTSs in the PU matrix was carried out by measuring resistance at
different regions of the nanocomposite. It was observed that carboxylic functionalized CNTs dispersed
uniformly in the PU matrix compared with non-functionalized MWCNTs. The electrical percolation
threshold for the nanocomposites was achieved at an f-MWCNT concentration of 1.8%. The
nanocomposites were further used to fabricate a wearable sensor for integration with a sensor-enabled
mask, which could acquire respiratory patterns in real-time. The sensor can identify respiratory patterns,
such as the mean time required to complete one respiratory cycle. In normal breathing, the average
time to complete one respiratory cycle was 3.44 seconds, with a pause of 0.73 seconds between
consecutive cycles. However, for slow breathing patterns, the time required to complete one cycle
increased to 7.05 seconds, and the hold time between cycles increased to 2 seconds. Identifying
respiratory signal patterns helps identify inhalation and exhalation durations, which thereby helps identify
dysfunctional respiration. The developed sensor-based mask is suitable for continuous remote
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monitoring of respiratory disorders outside the clinical setting. Continuous monitoring of respiratory

rsc.li/materials-advances health can be beneficial for timely intervention or for monitoring respiratory illness and recovery.

of chronic conditions, and personalized healthcare strategies.
By bridging the gap between conventional diagnostic methods

1. Introduction

Recent developments in the wearable sensor field have
reformed biomedical applications by enabling continuous,
non-invasive (or minimally invasive) monitoring of vital bodily
functions, such as the heart rate, glucose levels, and physical
activity."™ Leveraging the innovations in flexible electronics,
self-powered technology, wide detection range, compact hard-
ware design, and wireless communication, these devices are
engineered for unobtrusive, comfortable wear and allow real-
time data that are crucial for both clinical assessments and
personal health management.® This continuous monitoring
capability supports early disease detection, effective management
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and everyday health tracking, wearable sensors are paving the
way for a more patient-focused approach in modern medicine,
fundamentally transforming preventive care."’™® In this
regard, conductive polymer nanocomposite-based stretchable
strain sensors have gained attention in fabricating wearable
gadgets for continuous monitoring. Strain sensors are signifi-
cant for monitoring a wide range of activities, ranging from
motion capture to healthcare applications.'®'” Different types
of conductive nanomaterials, including two-dimensional gra-
phene nanoplatelets, one-dimensional carbon nanotubes, zero-
dimensional metal nanoparticles, and carbon black, are uti-
lized to enhance polymer matrices such as silicone rubber,
polydimethylsiloxane, and polyurethane.’®> Advances in
stretch sensors can enable the fabrication of smart wearable
sensors for remote monitoring and real-time analysis of
patients for healthcare applications. In pandemic-like situa-
tions (such as coronavirus disease, MERS, or influenza),
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parameters such as respiratory rates are used to assess a
patient’s clinical status and predict the severity of illness.>*™’
More than half of the patients develop respiratory symptoms
such as shortness of breath and wheezing, leading to more
severe complications, such as pneumonia. In such situations,
noncontact-based or remote monitoring helps prevent the
spread of disease to healthcare professionals. This method of
assessing respiratory patterns minimizes contact between clin-
icians and patients and, at the same time, helps in monitoring
respiratory health in affected patients. Noncontact-based mon-
itoring can aid in identifying early signs of the development of
respiratory complications in patients. Several methods are
currently used for evaluating respiratory health, as pulmonary
function tests range from simple spirometry to assess airflow to
whole-body plethysmography, which provides lung volume
results.”® However, these methods need a laboratory setting
to understand respiratory health and are unsuitable for con-
tinuous remote monitoring for long durations. Continuous
respiration monitoring is achieved through different methods.
In respiratory inductive plethysmography (RIP), two inductive
belts are used around the abdomen and ribcage to measure the
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changes in circumference during respiration and determine the
respiratory volume. Kono and Mead developed this volume
measurement concept in 1967, which has since been well-
established for monitoring patients in a clinical setting.?® Like
the RIP method, cameras or depth and acoustic-based sensors
can be used to evaluate the patient’s respiratory activity.
Optoelectronic plethysmography measures respiratory activity
by acquiring the movement of the patient’s torso from the
reflectors placed using several cameras.*® Another method is
the measurement of transthoracic impedance by placing dif-
ferent electrodes in configurations such as anterior -apex or
apex-posterior positions.>® These methods of continuous
respiratory monitoring require specialized equipment or infra-
structure, which may not be suitable for remote monitoring.
Researchers fabricated devices for monitoring vital signs; how-
ever, not many studies reported on a polymer nanocomposite-
based breath activity monitoring sensor.>*~°

In this paper we present a proof-of-concept for the prepara-
tion of piezoresistive nanocomposite strips that can be attached
to the patient’s mask to convert it into a sensor-enabled mask
to monitor respiratory health, as shown in Fig. 1. During
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Fig. 1 Overview of prepared sensor-based mask applications and its versatility.
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inhalation and exhalation from the nostrils, direct pressure is
placed on nanocomposites, which disrupts the conducting path
of MWCNTs in the composites and changes resistance. The
change in resistance is recorded and transmitted wirelessly
through a mobile or a computer terminal. The data obtained
from the sensor-enabled mask is processed, analyzed, and
correlated, and finally, the patient’s current stage is evaluated.

2. Materials

Pristine multiwall carbon nanotubes (p-MWCNTSs) produced
using the carbon vapor deposition method (CVD) with a purity
of ~99% were purchased from Adnano Technologies Pvt Ltd,
Shimoga, India, and matrix material polyurethane supplied
M/s from VCM Polyurethane Pvt. Ltd Mumbai, India. Chemical
reagents and nitric acid (HNOj;, 65%) were purchased from
Sigma-Aldrich. Milli-Q (DI) water was used for all the
preparations.

3. Result and discussion

3.1. Surface modification of p-MWCNTSs

The surface modification of p-MWCNTSs was carried out using
the acid modification method in which p-MWCNTSs were trea-
ted with acids and dispersed in solvents. In the acid oxidation
method, p-MWCNTSs are treated with acids or oxidizing agents,
such as HNOj;, H,SO,, a mixture of HNO; and H,SO,4, KMnO,,
H,0, and (NH,),S,0s, etc.>” The several types of surface groups
play various functions based on the requirement. Several
authors reported using a mixture of HNO; with H,SO, in
different ratios to treat p-MWCNTS under sonication. As per
the literature, treating p-MWCNTs with acids can lead to
different surface modifications and defects. The treatment of
P-MWCNTs with nitric acid results in the carboxylation of side
wall and end caps and can cause more damage to -MWCNTs at
higher concentrations of nitric acid by breaking them into
shorter pieces, resulting in a change in the aspect ratio.*®
Another study reported the shortening of MWNCTs by ultra-
sonic treatment in a mixture of H,SO, and HNO,.** Osorio
et al.*® showed that CNTs did not significantly change with a
short exposure to the nitric acid environment. However, long-
term exposure increases the carboxyl, C-O, and hydroxyl groups
on the side walls of MWCNTs. For the adsorption of COOH and
=0, Shanmugharaj et al.*' immersed CNTs in sulfuric acid and
potassium dichromate at 80 °C for 30 min. However, treating
CNTs for an extended duration resulted in the shortening of
CNTs. All these studies show that attaching COOH groups and
defect formation on MWCNTSs by acid oxidation mainly relies
on concentration, reaction time, and temperature.

In this work, the treatment conditions were optimized by
keeping the reaction time and the temperature constant and
varying the concentration to reduce more damage to p-
MWCNTSs. The nitric acid concentration was varied from 1 M
to 7 M. Fig. 2 depicts the procedure adopted for functionaliza-
tion. To functionalize p-MWCNTSs with COOH groups, 0.1 g of

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

MWCNTs were dispersed in 50 mL of different molar concen-
trations of HNO;. The mixture was probe-sonicated for 2 hours
at 5% of 20 kHz and stirred for 4 hours at ambient conditions.
After treatment, functionalized MWCNTs (f-MWCNTs) were
washed to remove acid traces using Milli-Q water until the
pH became 7. £ MWNCTs were dried at 90 °C overnight in a
vacuum oven to remove the water content.

The surface-modified MWCNTs were further used to prepare
nanocomposites using the solution casting method. In this
method, polymer and filler materials are dispersed in the
solution and cast in a Petri dish or mold to evaporate and form
the nanocomposite. Proper filler (fFMWCNTs) dispersion in the
polymer matrix is crucial in this process. Therefore, surface
modification of MWCNTs with COOH groups is essential to
achieve uniform dispersion of fillers in solvents.

3.2. Characterization of MWCNTSs and nanocomposites

The morphology of p-MWCNT and f-MWCNTs was analysed
using transmission electron microscopy (TEM), as shown in
Fig. 3(a). TEM images showed that the outer diameter
of p-MWCNTs is 10-30 nm, inner diameter 5-10 nm, and
length >1 pum. An IRSpirit Shimadzu instrument was used
for the FTIR study. TGA curves of (p-MWCNT and f-MWCNT)
are shown in Fig. 3.

TGA analysis was performed under N, flow, at a heating rate
of 10 °C min~'. Fig. 3(b) shows the FTIR spectra of the
f-MWCNTs after acid treatment. For this experiment, the
concentration of HNO; varied from 1 M to 7 M. The peak
observed for -MWCNTSs at around 1638 cm ™" was attributed to
C—O0 bonding, which was not present in p-MWCNT.** This
correlates to the carboxylate anion stretch mode. The peaks
around 2400 cm™ ' indicate C-O bonding in f-MWCNTSs.** The
intensity of this peak increased with HNO; concentration,
which could be attributed to the breakage of p-MWCNTs.**
The peaks observed around 3750 cm™ " are attributed to hydro-
xyl groups present in f-MWCNTs.*> From Fig. 3(b), it was
observed that O-H stretching was maximum for 4 M HNO;
treated -MWCNTs, indicating a higher degree of carboxylation
of MWCNTs. After functionalisation, MWCNTSs exhibits lower
decomposition temperature due to introduction of -COOH,
-OH groups and formation defects as observed in the TGA
graphs in Fig. 3(c). Here, for p-MWCNTs and f-MWCNTs, the
first degradation step occurs at 563 °C and 521 °C, respectively.
This lower decomposition temperature for -MWCNTs is attrib-
uted to surface modifications on MWCNTs.">"” TEM micro-
graphs show clean, less entanglement and well-defined
morphology for f-MWCNTs compared with p-MWCNTSs, as
shown in Fig. 3(a;)-(a;). For further experiments, 4 M HNO;
treated -MWCNTSs were selected based on FTIR analysis. Nano-
composites of p-MWCNTs and f-MWCNTs are incorporated
with polyurethane (PU) by a magnetic stirrer using the solvent
mixing technique.'” The prepared nanocomposites of PU/p-
MWCNT and PU/f-MWCNT are shown in Fig. 3(d;)-(ds). It was
observed that p-MWCNTSs unevenly agglomerated in the nano-
composites, as shown in Fig. 3(d,). However, f-MWCNTSs
showed better dispersion and lower agglomeration than

Mater. Adv,, 2025, 6, 3929-3944 | 3931
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Fig. 2 Functionalization of p-MWCNTSs using the acid oxidation method to prepare the nanocomposite.

P-MWCNTs nanocomposite in Fig. 3(d3) and (d,). The uniform
dispersion of -MWCNTs in the polymer affects the resistance,
as shown in Fig. 3(e). Compared with PU/p-MWCNTs, the PU/f-
MWCNTs nanocomposites showed lower resistance due to
better dispersion within the PU matrix. The nanocomposites
treated with 4 M nitric acid-treated -MWCNTSs nanocomposites
showed lower resistance (6 kQ) compared with those treated
with 2 M nitric acid. According to FTIR analysis, f-MWCNTs
treated with 4 M HNOj; possibly have higher carboxylic groups
on MWCNTs, which increases the hydrophilicity and enhances
the compatibility of MWCNTs with the polyurethane (PU)
matrix by improving the interaction between the nanotubes
and the polymer chains. This results in more uniform disper-
sion and lower electrical resistance of the nanocomposites.
To understand the effect of functionalization of MWCNTSs
on the dispersion of MWCNTs in the PU matrix, the distribu-
tion of conductivity in the different regions of nanocomposites
were studied. For this experiment, nanocomposites with a 5% f-
MWCNT concentration were prepared. The two-point probe
method was utilized to study the macroscopic electrical resis-
tance of the nanocomposite. Nanocomposites were divided into
eight equal parts, and resistance was measured as shown in
Fig. 3(f). Experimental results revealed that the resistivity across
all regions of nanocomposites was uniform for nanocomposites
treated with 4 M HNO; compared with those with 2 M HNO;.

3932 | Mater. Adv, 2025, 6, 3929-3944

This could be attributed to uniform dispersion and stabili-
zation of 4 M HNO; treated -MWCNTS in the matrix. From the
dispersion and electrical characterization studies, we chose 4 M
HNO; treated f-MWCNTs for further experiments.

The surface morphology of PU/f-MWCNTs nanocomposite at
different dispersion rates is shown in Fig. 4(a)-(a3). Fig. 4(a)
shows the surface of pure PU. Fig. 4(a;) shows f-MWCNTs
dispersed at below the electrical percolation threshold point.
Fig. 4(a,) shows that the agglomeration of -MWCNTs induces a
clump like structure on PU. After optimizing the preparation
conditions for the nanocomposite, this agglomeration dis-
persed uniformly or the agglomeration decreased in diameter
to disperse well in the nanocomposite, as shown in Fig. 4(a;3).
To visualize f-MWCNTs clearly, the top layer was removed and
analysed by SEM, as shown in Fig. 4(b,;). The f-MWCNTs are
covered on the PU membrane, as shown in Fig. 4(b,). This
confirms f-MWCNTs bonding in PU. Fig. 4(c) shows the perco-
lation curve of the PU/fMWCNT nanocomposite. The percola-
tion curve can be divided into three sections. In the first region
of the curve, the electrical conductivity was negligible up to
1.8 wt% of fMWCNTs. A considerable increase in electrical
conductivity can be observed in the second region, from
1.8 wt% to 3.1 wt% of -MWCNTs. This can be attributed to
the formation of electrical percolation paths in the nanocom-
posites. Therefore, 1.8 wt% of f-MWCNTSs were considered as

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01258e

Open Access Article. Published on 26 April 2025. Downloaded on 4/11/2026 5:27:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Materials Advances

entanglements & impurities

i &

View Article Online

Paper

—— p-MWONT
—— f-MWCNT (IM HNO3) 0 —
(b) Dm —— f-MWCNT (2M HNO3) (C) 563° C f-MWCNT
—— EMWCNT (3M HNO3) 1004 —— p-MWCNT
e A NA Nf-\L_,\,V —— EMWCNT (4M HNO3)
=" EMIWCNT (SM BNOs) First step degradatior
Ve —— -MWCNT (6M HNO3) -
MM/\//\I\/\/ -\)LV\/V —— EMWCNT (7M HNO3) 804 521°C
El
& = 8% early weight loss
3 \/\f,,/\ TN~ & g0l VS
5 (©O-H)s (c-0)| (C=0) (O-H) (C-H)b _‘g"
g \/\ A~ M ]
£ 24007 16387 2 il
= V e ™
o ]
20
/’_\-\.—\/\/\d\
T T T T . T e 2 v 5 0 >
4000 3500 3000 2500 2000 1500 1000 500 175 350 525 700 875

Wavenumber (cm’)

(d2)

(e) No Conductivity
6
10 High Resistance
S 10°- .
3 Medium resistance .
5 No uniform Conductivity
S
1] 4
2 10°4
[
(4
10°4 X o
Less resistance  * -
uniform conductivity
10° T T T T
PU PU+ PU+ PU+
p-MWCNT f-MWCNT (2 M HNO,)f-MWCNT
Type of Nanocomposite (4 M HNO,)

Temp (°C)

(ds)

® 2

6.5
g
£ i H
§ 6.0 § g g
2 8
I ;
% 5.5
5.0 T T T T T T T T
i i iii iv v vi vii viii
Quartiles

Fig. 3 TEM images of p-MWCNTSs (a; and a,) and f-MWCNTSs (as). (b) FTIR spectra of acid functionalization. (c) TGA curves of MWCNTSs. (d;)-(d4) PU and
its nanocomposites. (e) Resistance change for different filler loadings of nanocomposites. (f) Uniform electrical properties of the nanocomposite.

the electrical percolation threshold (EPT) of the nanocompo-
site. The conductivity of the nanocomposite with 3.1 wt% of f-
MWCNTSs was observed to be 0.01 S cm™".

Tensile experiments were conducted to analyse the change
in strength of polymer and correlated to the electrical percola-
tion of the nanocomposite, as shown in Fig. 4(d). For this test,

© 2025 The Author(s). Published by the Royal Society of Chemistry

ASTM D-638 standard*® was used and nanocomposites were
selected at different conducting scales. Various tensile defor-
mation mechanisms were studied for this experiment. The
linear region where stress increases linearly with strain is
reversible. For pure PU, this linear regime was observed until
0.5 MPa. This regime reduces with inclusion of fMWCNT in
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Fig. 4 (a)—(as) SEM micrographs of the surface of nanocomposites at different filler loading conditions. (b)—(b,) SEM micrographs of the surface after
removal of the top membrane. (c) Electrical percolation curve of PU/f-MWCNTs nanocomposites. (d) Tensile study of nanocomposites. (e) -V curves of
PU/f-MWCNTSs nanocomposites. (f) Illustration of the interface between the filler and the polymer for electrical conduction.

PU. However, stress increases as shown in the inset of Fig. 4(d), PU. There is a strain softening regime, with minimal load
attributed to stiffness enhancement due to the influence of f- increasing in strain. For Pure PU, it was 1.03 MPa and the
MWCNTs. In the prepared nanocomposites nucleation for inclusion of f-MWCNTs increases the load transfer in this
plasticity starts from yield regime. The nanocomposite range regime. For viscoelastic materials, after softening over stress,
increases with higher filler concentration in contrast with pure an increase in strain occurs with almost constant load, i.e.,

3934 | Mater. Adv, 2025, 6, 3929-3944 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01258e

Open Access Article. Published on 26 April 2025. Downloaded on 4/11/2026 5:27:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

steady state flow regime. Here, pure PU exhibits 3.4 MPa of load
transfer, while the 0.5 and 1% nanocomposites before percola-
tion are 3.1 and 3.2 MPa, respectively. However, the load
transfer increased to 3.9 MPa for the percolation nanocompo-
site (1.8%). Above percolation 3 and 5% nanocomposites
exhibit 4.3 and 7.8 MPa, respectively. This increase in load
transfer behaviour in this regime at and above 1.8% nanocom-
posites is attributed to well-interconnected filler materials in
matrix material. However, the decrease in load transfer for the
before percolation nanocomposites is due to insufficient fillers
dispersed to connect or make network In matrix, which dis-
rupts load transfer. This leads to shortening in steady flow
regime. For PU, a prolonged regime is observed due its intrinsic
viscoelastic nature.*® This shows that the after inclusion of
filler materials at or above the percolation concentration results
in the nanocomposites showing improved interfacial load
transfer. Maximum load was observed in the strain hardening
regime. For pure PU it was, 5.68 MPa, for 0.5% and 1%
nanocomposites, it decreased to 4.5 and 4.92 MPa, respectively.
For 1.8% nanocomposites, 5.78 MPa was observed. The max-
imum load increased to 7.18 and 15 MPa in the above percola-
tion nanocomposites, ie., 3 and 5%, respectively. However,
maximum load capacity increased but the elastic regime
decreased for the after-percolation nanocomposites. By analys-
ing these mechanisms, the elastic nature of nanocomposites of
around 1.8% f-MWCNTs are less affected and the basic matrix
characteristics persists while adding a conducing nature
to the polymer. This claim is evident by further electrical
characterization.

The four-point probe method was used to obtain nanocom-
posites I-V (current-voltage) characteristics with different f-
MWCNT concentrations. Fig. 4(e) shows the I-V curve for the
nanocomposite with fFMWCNT concentrations of 0%, 1%, 2%,
3%, and 4% in forward and reverse bias. The IV characteristics
of pure PU is almost flat, indicating that PU is an insulating
material with very low current flow over the applied voltage
range. For 1% f-MWCNTs, the curve shows a slight increase in
current with applied voltage compared with pure PU, indicating
some level of conductivity but it is still relatively low. For 2% f-
MWCNTSs, the curve shows a more noticeable increase in
current with applied voltage, indicating higher conductivity
than the 1% f-MWCNT composite. For 3% f-MWCNTs, the
curve demonstrates a further increase in current, showing even
higher conductivity. For 4% f-MWCNTs, the curve shows the
highest current for a given voltage among all the samples,
indicating the highest conductivity. Including f-MWCNTSs in
the PU matrix significantly enhances the electrical conductivity
of the nanocomposites compared with pure PU. This improve-
ment is more evident with increasing weight percentages of f-
MWCNTSs. At lower concentrations of -MWCNTSs (1% and 2%),
the I-V curves are less linear, possibly due to less effective
percolation of the conductive network within the PU matrix. For
higher concentrations of f-MWCNTs (3% and 4%), the -V
curves show a more linear relationship, indicating ohmic
behaviour where the current is proportional to the applied
voltage. Above this concertation, the nanocomposite can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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considered in the high conductivity region of the percolation
curve. Fig. 4(f) shows the interface formation due to the
interaction between polymer chains and the surface of the
f-MWCNTSs. An increase in nanofiller concentration results in
the overlap of interfacial layers, a conducting path will be
developed, and polymer nanocomposites will show conductiv-
ity. Near the electrical percolation threshold, the electrical
conductivity of a polymer nanocomposite is expressed as
follows:>

7 = 0o(@r — ¢p)° ey

where ¢ is the electrical conductivity of the nanocomposite, o,
is the electrical conductivity of the filler particle, ¢, is the
volume fraction of filler particles at the electrical percolation
threshold (EPT), while ¢ is the volume fraction of filler
particles. To understand the change in the conductivity of the
PU/f-MWCNT nanocomposite to the strain, it is assumed that
the agglomerates are distributed evenly in the matrix, as shown
in Fig. 4(c). Also, the polymer matrix is assumed to be divided
into cubic elements with a side length of L and fMWCNT
agglomerates are placed at the center of the cubic elements.

The length of each cube, L=D + (2)

where D is the diameter of the agglomerate, [ is the distance
between two agglomerates at the percolation threshold ¢,,. D, is
the diameter of the agglomerate at the percolation threshold. D¢
is the diameter of agglomerates at different concentrations. The
volume of the interface region depends upon the type and
strength of the interaction between f-MWCNT and the polymer
matrix.

Hence, the volume fraction of CNT agglomerates at the
percolation threshold will be,

3
Vagglomcratc at percolation TEDp

- - 3
Veube 6(Dy+1)° G)

p

The volume fraction of CNT agglomerates above the percolation
threshold will be,

o = Vagglomerate _ Tfo3 (4)
f Veube 6(Dp + [)3

Hence, the conductivity above the percolation threshold can be

written as,
D 3 _ D 3 §
a_ao(”( ! "3)> (5)
6(Dp +1)

For a specific volume percentage of f-MWCNT and above
percolation threshold, eqn (5) can be written as,

A

n(Df’ — Dy)
6
strain applied to the nanocomposite.

where k = < > is a constant independent of the
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The distance between the agglomerates (/) increases when
the nanocomposite is stretched. Eqn (6) suggests that the
electrical conductivity decreases as the distance between the
agglomerates above the percolation threshold increases. It can
be observed that as the functionalisation increases, agglomera-
tion reduces, and f-MWCNTs are dispersed in the polymer
matrix. Therefore, it can be assumed that D, (the diameter of

(a)

SMART MASK
Wireless
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to laptop
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agglomerates at the percolation threshold) reduces for f-
MWCNTs. Because of that, the distance between agglomerates
(J) also reduces. This leads to a reduction in the resistance of
the PU/f-MWCNT polymer nanocomposites. Functionalization
stabilises the MWCNTSs and results in more even dispersion of
agglomerations (with a smaller diameter) in the polymer, which
helps in achieving uniform conductivity in the nanocomposites
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(a) Sensor enabled mask wearing for the test. (b and b;) Sensor and its CAD model and (b,) sensor-integrated mask. (c) Circuit diagram for
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as shown in the SEM micrographs in Fig. 4(b). Hence, eqn (6)
suggests that the ratio of D}, to Dy is low, which results in a
lower EPT value.

3.3. Development of a face-mask attachable piezoresistive
based respiratory sensor

The prepared nanocomposite is attached to the face mask
using double-sided tape as shown in Fig. 5(a) and (b). The in-
house prepared signal acquisition setup is connected to the

Pristine

View Article Online

Paper

electrodes of nanocomposites. The circuit diagrams for acquir-
ing signals are shown in Fig. 5(c). The components of the data
acquisition unit (DAU) are shown in Fig. 5(c). The DAU involves
the AVR microcontroller (Arduino nano), battery to power the
microcontroller, and Bluetooth module for wireless data trans-
mission from the sensor enabled mask (Fig. 5) to a laptop or
mobile. The signal acquisition system was designed using an
Arduino nano (ATPmega328P) processor with a voltage divider
program. Megunolink was used to acquire wireless signals from
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Fig. 6
(d) Response time of the senor.
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(a)—(as) Sensors flexible properties. (b) Real-time data of sensor stretch—release performance. (c) Sensitivity of the sensor over prolonged time.
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the nanosensor. Using the current acquisition system, a sam-
pling frequency of 128 points was recorded. After wearing the
sensor-enabled mask, data is acquired and transferred wire-
lessly to the laptop for normal, slow, and fast breathing. The
inflow and outflow of air from the nostrils will induce the strain
on the nanocomposite, disrupting the conductive path and
resulting in a resistance change in the sensor. This change in
resistance in the sensor is acquired and processed to analyse
breathing patterns.

3.3.1. Sensor parameters. The prepared sensor was studied
for its performance under different conditions. This prepared
sensor exhibits flexibility, twistability and deformability to
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different shapes without losing any pristine condition, as shown
in Fig. 6(a). Fig. 6(b) shows real-time data acquisition of the sensor
at different stretch-release (SR) loading conditions. Initially, the
sensor was stretched for 10% at 5 mm s, then increased to
~, then shifted to 2 mm s and the loading condition was
changed to 5% stretch at 10 mm s~ . In all these different stretch
and feed conditions, the sensor was able to detect all at real time,
as shown in Fig. 6(b). To observe the sensitivity of the sensor, a
constant cyclic load of 10% strain was performed for more than
1000 cycles, as shown in Fig. 6(c). The real-time response time for
this sensor was 0.16 s and 0.26 s, as shown in Fig. 6(d). This
sensor was further used for multiple applications.
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(a) Raw signal of the normal breathing pattern with its (a;) processed signal and (a,) enlarged view with breathing parameters. (b) Raw signal of

slow breathing with its (b;) processed signals, and enlarged (b,) view of the same pattern with breathing parameters.
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(a) Raw signal of fast breathing, (a1) processed signal of fast breathing with (a,) the enlarged view. (b) Fast breathing with a hold of 1 s and its (by)
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3.4. Applications

Fig. 7(a) and (b) demonstrates the respiratory patterns of
individuals engaged in normal and slow breathing, acquired
using the sensor-enabled mask. The signals are processed
using a low-pass filter with a cut-off frequency of 5 Hz. In
Fig. 7 and 8, the x-axis represents the time in seconds (s) and
the y axis represents the ratio of change in resistance (AR/R,).

For analysis, three respiratory cycles (including exhalation
and inhalation) were selected, as shown in Fig. 7(a;) and (b,).
The average time required to complete one respiration cycle in
the normal breathing pattern signal was 3.44 seconds, as
demonstrated in Fig. 7(a,). This pattern also exhibits the
presence of a 0.73-second pause between consecutive respira-
tion cycles, as depicted in the detailed view in Fig. 7(a,).
Similarly, the time required to complete one respiration cycle
increased to 7.05 s on average for slow breathing patterns, as
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shown in Fig. 7(b), and the hold time between the cycles
increased to 2 s. The difference between normal and slow
breathing patterns are identifiable from Fig. 7(a) and (b).
Identifying respiratory signal patterns facilitates the determi-
nation of inhalation and exhalation durations and different
breathing patterns.

This sensor-enabled mask can be used for real-time mon-
itoring of respiratory activity in healthcare and sports applica-
tions. For instance, in healthcare applications to monitor
individuals with acute and chronic intrathoracic blockage dur-
ing an asthma period by observing prolonged exhalation time.
Similarly, inspiration time as shown in Fig. 7(b,) may indicate
acute upper airway blockage. The advantage of this sensor
enabled mask is that the patients generally show mouth breath-
ing for many respiratory diseases, which can be easily picked up
by the developed sensor-enabled mask.
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224
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24
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Fig. 9 Throat-mounted sensor, acquired (a) gulping action and vocal actions such as (b) and (c) the HELP word at different voice pitches and (d) the

OKAY word.
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Furthermore, this sensor-enabled mask could obtain
data on fast respiration, as demonstrated in Fig. 8(a) and (a,).
In fast breathing, data such as one respiration -cycle
requiring 1.35 seconds can be identified from the sensor
enabled mask signals, which was corroborated during the
direct measurement experiment. Further, observed
the absence of the hold time between cycles during fast
respiration and the presence of hold time in normal and slow
respiration was identified in the signals acquired. Additionally,
hold of breath during fast respiration was detected and
acquired by the sensor-enabled mask, as shown in Fig. 8(b)
and (b,). For this action, the directly measured respiration time
was the same to 1.60 seconds followed by a hold time of 1
second, which can be clearly observed in the acquired signal in
Fig. 8(b,).

As shown in Fig. 8, the developed sensor-enabled mask can
help to understand insights into respiratory patterns such as
hyperventilation. By continuously monitoring the user’s breath-
ing, the sensor-enabled mask can detect variations from nor-
mal respiratory rates and patterns and provide am = n early
warning of potential respiratory problems.

Further, the sensor-enabled mask
acquisition and distinguishing of sneezing and laughing pat-
terns through piezoresistive sensing. Fig. 8(c) and (d) illustrates
these patterns with Fig. 8(c;) providing an enlarged view of
sneezing patterns. The data reveals a distinct peak within the
normal respiratory signals, attributed to the abrupt pressure
increase during a sneeze. This sudden pressure disrupts the
conducting path, resulting in a noticeable peak in the sensor
output.

3.4.1. Other applications. Throat-mounted sensors can
detect piezoresistive variations (fluctuations in electrical resis-
tance) due to throat vibrations and pressure differences. This
sensitivity enables the sensor to acquire real-time data on vocal
activity, encompassing loudness, and pattern variations linked
to speech or swallowing. To extend the capability of this sensor,
it was attached to the throat and acquired signals from gulping
to speech actions are shown in Fig. 9. Fig. 9(a) shows the
gulping action. When the individual gulps or swallows, the
voice box and surrounding muscles engage in a coordinated
manner as shown in stage-I. Following that process, it engaged
in movements resulting in the throat area to shift visibly
and palpably as shown in stage-II. A sensor at the throat can
pick up on the distinct patterns of these muscle contractions.
An individual’s swallowing process can be identified by
monitoring throat movement. The sensor was included at the
same position and some speech actions were performed. In
Fig. 9(b), the word ‘HELP’ repetitively spoken at high and low
pitch was shown. In these signals, we observe repetitive pat-
terns for both high- and low-pitched voice. To ensure the
repeatability, the HELP word was spoken in normal range,
and repetitive and similar patterns are observed in Fig. 9(c).
Similarly, OKAY was spoken in a high to low pitched voice and
recurring and distinct patterns were observed. These applica-
tions make this sensor assistive for speech and communication
technology.

we

demonstrated the

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

4. Conclusion

The sensor-enabled mask demonstrates capturing and differ-
entiating between normal and slow respiratory patterns, utiliz-
ing piezoresistive nanocomposite sensors. Respiratory patterns
illustrate the distinct respiratory patterns obtained during
normal and slow breathing. Analysis of respiratory cycles shows
that the average duration for a normal breathing cycle is 3.44
seconds with a 0.73-second pause between cycles. In contrast,
the slow breathing pattern exhibits a cycle duration of 7.05
seconds with a 2-second pause between cycles. These variations
in respiratory patterns are clearly identifiable, enabling precise
determination of inhalation and exhalation durations. Also, the
ability to detect specific respiratory events, such as sneezing,
showcases the sensor-enabled mask potential as a sensitive and
reliable tool for monitoring respiratory patterns and differen-
tiating between various types of respiratory activities.

Continuous monitoring of respiratory health and breathing
patterns can be beneficial for timely intervention or as data for
diagnoses and understanding the patient recovery process. The
paper aims to develop a real-time prototype to monitor patient
respiratory health wirelessly. The development of wireless
nanosensor strips is attachable and detachable to any mask.
Continuous evaluation of breathing is possible. It will also
provide information about patients’ respiratory health, recov-
ery, and health monitoring after recovery. This technology
could be particularly valuable for health monitoring, offering
a non-invasive and accurate method to track and analyze
respiratory events in real time.

5. Experimental methods

5.1. Integration of fMWCNTs to PU matrix

To study the uniform dispersion of fMWCNTs and its effects
on electrical conductivity behaviour, nanocomposites of p-
MWCNTs and f-MWCNTSs are incorporated with polyurethane
(PU) using a magnetic stirrer by the solvent mixing technique
and nanocomposites of PU/p-MWCNT and PU/f-MWCNT were
prepared from 1, 2, 2.5, 3, 4 and 5%. The water-based PU
polymer was added with a 5:1 ratio with DI water and stirred
for 1 h to make solution-1. In another beaker fMWCNTSs are
sonicated in a water bath with the aid of water as a solvent for
an hour to disperse as solution-2. The f-MWCNT solution was
prepared via dropwise addition of solution-2 to solution-1. To
enhance the integration of f-MWCNTs with PU matrix, the
solution was stirred for 12 h. The addition of f-MWCNT
solution to solution 1 is based on the w/w% ratio for the
required concentration of nanocomposites. Then, the solution
was degassed in a vacuum desiccator for 25 min and poured
onto a clean glass Petri dish of 80 cm dia. After that, the solvent
was allowed to evaporate in ambient conditions for 24 h to
obtain a thin film.

5.2. Preparation of nanocomposite to piezoresistive sensor

Optimized thin film from the prepared nanocomposite was cut
into 70 mm x 10 mm x 0.15 mm dimensions to use as sensor.
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Copper-based electrodes were attached to the selected nano-
composite using a silver paste to reduce the contact resistance.
This piezoresistive sensor was positioned in the middle of the
mask. Then, alligator clips are attached to the copper electrodes
to connect the DAU.
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