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ABSTRACT: A frugal humidity sensor that can detect changes in the humidity of

smpeae @avima

exhaled breath of individuals has been fabricated. The sensor comprises a humidity- otoAnlsis
sensitive conducting polymer that is in situ formed on a cloth that acts as a substrate. =
Interdigitated silver electrodes were screen-printed on the modified cloth, and
conducting threads connected the electrodes to the measurement circuit. The sensor’s =

response to changing humidity was measured as a voltage drop across the sensor
using a microcontroller. The sensor was capable of discerning between fast, normal,
and slow breathing based on the response time. A response time of ~1.3 s was
observed for fast breathing. An Android-based mobile application was designed to
collect sensor data via Bluetooth for analysis. A time series classification algorithm was
implemented to analyze patterns in breathing. The sensor was later stitched onto a
face mask, transforming it into a smart mask that can monitor changes in the

breathing pattern at work, play, and sleep.

B INTRODUCTION

With ever growing concerns pertaining to the health and
environmental impact caused by air pollution across the globe,
a quick, affordable and noninvasive health monitoring device is
the need of the hour. A recent investigation of the disease
burden in 2017 revealed that ~544.9 million people suffer
from chronic respiratory diseases globally." Monitoring
humidity is crucial in many industries including those of
food processing, semiconductor manufacturing, packaging,
agriculture, and medicine.””* Respiration is vital to sustaining
human life, and the exhaled breath is a treasure trove that
contains a vast variety of components such as water vapor,
carbon dioxide, and volatile organic components, which can
reveal vital information on health.”® Apart from analyzing
these components, measurement of the tidal volume and
breath rate assists in determining the physiological state of the
individual. A humidity sensor that is flexible, fast-responsive,
affordable, and mobile phone-enabled can be deployed for
continuous monitoring of breath rate and can eventually help
determine the status of health.

In this regard, there have been advances toward fabricating
humidity sensors that are capable of detecting humidity levels
in exhaled breath. Typically, sensing is achieved by measurin%
with various transducing methods, including capacitance,7’
resistance,”'® absorbance,''™'® surface acoustic waves,'*™"”
and adsorption on quartz crystal microbalance,"*™*" and by
devices such as a field effect transistor.””*® A variety of
materials including conducting polymers, metal oxides, noble
metal nanoparticles, carbon nanotubes, and graphene oxide
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have been investigated for their humidity-sensing capabilities.
A humidity sensor reported by Mogera et al. showed a
response time of ~10 ms, which is one of the fastest
responding supramolecular systems.”””*** Yi et al. fabricated
an optical fiber-based humidity sensor that utilized a microknot
resonator incorporated into a Mach—Zehnder (MZ) interfer-
ometer and observed a response time of 84 ms. Although these
sensors possess quick response times, their major drawbacks
are high cost and complicated fabrication methods.'” Textiles
and paper-based substrates have paved the way for flexible/
wearable electronics, especially sensors and nanogenerators.
These are ideal as they are robust, nontoxic, high in availability,
affordable, and have easy processability. Whitesides and
colleagues first fabricated a paper-based flexible humidity
sensor having digitally printed graphite electrodes on a piece of
paper that was attached to a surgical mask.”® Duan et al.
further simplified the fabrication process of humidity sensors
by utilizing a conducting polyester tape on a regular printing
paper to detect changes in the exhaled breath.”” Cellulose was
chosen as an ideal substrate for humidity sensing as it offers
ease in chemical modification, thus making it conducive for
large-scale sensor fabrication.”* > A highly porous paper-
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Figure 1. Schematic representation of the sensor fabrication process. (a) Roll of polypropylene (PP) mat. (b) SILAR procedure where a small piece
of PP was immersed in beaker 1 containing aniline in HCI (aq). The mat was subsequently transferred to beaker 2 containing DI water. From this
beaker, it was further immersed in beaker (3), which contained 12 g of APS in 1 M HCI (in water). Finally, the mat was rinsed in beaker (4)
containing DI water, wherein its color changed from blue to green. (c) The dried conducting cloth was stretched on a frame for screen printing.
The interdigitated electrode template was placed on top of the conducting cloth upon which silver paste was spread as shown in step 3. Finally, the
sensor array cloth was dried, from which individual sensors were trimmed. A magnified view of a single sensor is shown in the dashed circle. (d)
The sensor stitched on a common surgical mask. The sensor is marked with a circle.

based humidity sensor was fabricated by treating the copy
paper with hydrochloric acid to remove calcium carbonate and
washing to create porous structures.”® After electrodes were
screen-printed, the time periods for response and recovery
were 0.8 and 0.78 s, respectively.”> Recently, Chen and co-
workers fabricated a flexible paper-based humidity sensor using
origami, and conducting polyester electrodes were assembled
onto the paper substrate that was folded along a predesigned
pattern. They obtained a response and recovery time of 155
and 58 s, respectively, and their sensor was sensitive in a large
humidity range.”* A similar response and recovery time were
observed from a carbon ink-coated filter paper-based humidity
sensor.”” Additionally, this sensor was self-powered and
delivered an output voltage of 0.19 V and was highly flexible
for ~1000 bends.*> However, due to the fragile nature of the
paper, under continuous breathing, the paper could potentially
become moist and subject to tare under stress. This could
render the sensor difficult to use.

On the other hand, textiles are far more robust, flexible, and
easy to process, thus making them ideal substrates for wearable
electronics.*® ™" Wang et al. deposited graphene oxide (GO)
on a bovine serum albumin (BSA)-coated nonwoven cloth by
soaking the cloth in GO suspension and transforming it into a
resistance-based humidity sensor. This sensor noted an average
response of ~8.9 s and a recovery of ~11.6 5.’ Recently,
Allison et al. coated a commercially available cotton cloth with
p-doped conjugated poly(3,4 ethylenedioxythiophene)/chlor-
ide via chemical vapor deposition. Integrating this modified
cotton on a face mask enabled the user to freely move, and the

sensor was capable of differentiating different breathing
patterns such as shallow and deep.”” Wu and co-workers
designed a flexible humidity sensor capable of respiration
monitoring by creating interdigitated electrodes based on silver
nanowires as the ink on a flexible leather cloth. Leather was
chosen as it is biocompatible, low-cost, and convenient.*'
Recently, metal-organic frameworks (MOFs) have been
investigated for their various sensing capabilities. In this
aspect, Rauf et al. reported a smart textile containing a MOF
film grown using the Langmuir—Blodgett (LB) technique
resulting in a sensor capable of detecting water vapor in the
presence of several volatile organic compounds.*” Recently,
Bokka et al. fabricated a water-soluble MoSSe quantum dots/
poly(vinyl alcohol) (PVA) film as a humidity sensor that was
capable of discerning different breathing patterns.”> The
breathing data were analyzed using a neural network algorithm
for classifying them into different breathing patterns. Liu et al.
recently fabricated a fabric-based humidity sensor using a
hydrophobic-hydrophilic patterned polyester-spandex fabric as
a substrate that was subsequently treated with polydopamine-
acid carbon nanotubes (aCNTs) that were quick and sensitive
to a large humidity range.”* They observed a quick response
and recovery time of 0.46 and 0.56 s, respectively.

Although there have been many humidity sensors with fast
response time, ease of fabrication, and good sensitivity, they
are not economical due to expensive raw materials, longer
processing steps, or the requirement of complex electronic
circuitry. From our previous work, we observed that
conducting polymers such as polyaniline (PANi) can be in
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situ polymerized on electrospun nanofibers of poly(vinylidene
fluoride) (PVDF) by successive ionic layer adsorption and
reaction (SILAR).™ It is a versatile technique with upscaling
capabilities due to its simplicity. We used SILAR for in situ
polymerization of PANi on various substrates. This modified
cloth was capable of sensing the changes in breath humidity
over extended periods with a response time of ~0.31 s. This
was integrated into a face mask that transformed it into a smart
mask. Conversion of the smart mask as a personal health
monitoring and evaluation device integrated into a mobile
phone is also presented.

B EXPERIMENTAL METHODS

Materials. Commercially available nonwoven polypropy-
lene (PP) cloth and woven cotton, silk, and polyester cloth
were procured locally. Aniline and ammonium persulfate
(APS) were from RANKEM India. Hydrochloric acid was from
Sigma Aldrich. Ethanol, lithium chloride (LiCl), magnesium
chloride (MgCl,), potassium carbonate (K,CO;), magnesium
nitrate (MgNO;), sodium bromide (NaBr), sodium chloride
(NaCl), and potassium chloride (KCI) were from Alfa Aesar.
Millipore-produced deionized water (~18 MQ) was used
throughout the experiment, and all of the chemicals were used
as received without further purification unless mentioned
otherwise.

Methods. Fabrication of the Conducting PP Cloth. From
a roll of nonwoven PP fabric shown in Figure la, a small cloth
of 12 cm X 12 cm dimension was cut and soaked in water for
12 h to ensure complete wetting; this is a vital step to ensure
complete coverage of PANi. About 6 mL of aniline and 12 g of
APS were added to two different beakers containing 80 mL of
1 M aqueous HCI solution. This wet cloth was later immersed
in aniline solution for S min (Figure 1bl) and subsequently
transferred to another beaker containing clean water to remove
any unbound aniline molecules (Figure 1b2). Further, the
cloth was soaked in a beaker containing APS for 10 min
(Figure 1b3). The cloth was finally transferred into another
beaker containing deionized (DI) water, as shown in Figure
1b4. This cycle was repeated 17 times for the growth of PANi
on the mat (Figure 1). The cloth was later dried at 75 °C for
12 h for further use. Due to the growth of polyaniline on the
cloth, the blue cloth was transformed to green. Interdigitated
electrodes, with a gap of 0.6 mm, were screen-printed on the
sensor via screen printing with commercial grade Ag paste.
Upon drying of the ink, the cloth was cut into individual sensor
elements for further analysis.

Electrochemical Analysis of the Sensor. The sensor
element was taped to a glass slide for support, and electrical
contacts were made with silver paste on the screen-printed
silver pads. The other ends of the contact wires were
connected to a Palmsense Emstat electrochemical workstation.
An input bias potential of 3 V was provided to the sensor, and
the chronoamperometric response in the presence of humidity
was noted. All of the experiments were performed at 45 + 5%
relative humidity (RH) and 2S5 °C, recorded using standard
sensors. Exhaled air through the nose and mouth was directly
pointed toward the sensors for sensing changes in humidity. A
commercially available Eurolab plastic thermos-hygrometer
was used to measure humidity.

A detailed description of the sensor unit is given in the
Supporting Information. All of the components necessary for
the measurement are presented in Table S3.

Fabrication of a Prototype Smart Mask. From the
conducting mat with interdigitated electrodes printed on it,
an individual sensor of size 6 mm X 12 mm was cut and
stitched onto a surgical mask. The sensor was placed almost at
the center of the mask, where the flux of the exhaled breath
was maximum. The region was selected such that it is not
interfered with by any creases and is directly exposed to
exhaled breath. Stainless steel conducting threads were used to
connect the sensor to a microcontroller. The conducting
thread and sensor were coupled using silver paste (Electrolube
Silver conducting paint) and kept for drying. The schematic of
the controller is shown in Figure S6. A detailed cost analysis
for different components used for the sensor is given in Table
S3.

Smart Mask Deployment. A sample size of 23 volunteers
was selected who were in the age range of 21—58, of which 14
were male and 9 were female. An average body mass index
(BMI) of 24.2 + 4.8 for the interest group was noted. They
were asked to exhale orally and through the nose to determine
the breathing pattern and test the sensors’ versatility in
discerning different breathing patterns. Furthermore, the
volunteers were asked to periodically cough for 5 s and breath
for 10 s for a total period of 120 s so as to artificially introduce
noise into the breathing pattern. Similarly, the subjects were
asked to periodically withhold breathing for 10 s and breath for
10 s for a total of 120 s. These breathing data were used to
train a deep neural network and several other classification
algorithms for identifying the breathing frequency and to
differentiate between normal and abnormal breathing.

Characterization. To investigate the size and morphology
of bare and PANi-coated PP mat, they were characterized
using a Thermo Scientific Verios U4 GHC field-emission
scanning electron microscope (FESEM) with a retractable
detector operating at 2 kV. The samples were sputter-coated
with gold using a CRESSINGTON sputter-coater for 120 s. To
understand the conformation of organic functional groups
anchored on the fibers, infrared (IR) spectra were collected
using a Perkin Elmer Spectrum One Fourier-transform infrared
spectroscopy (FTIR) in the attenuated total reflection (ATR)
mode. Raman spectral analysis was performed using a WiTec
GmbH confocal Raman microscope (@-300 s). A laser with a
wavelength of 532 nm neodymium-doped yttrium aluminum
garnet (Nd—YAG), with an excitation power of 0.2—0.5 mW,
was maintained throughout the experiment. A 100X objective
lens was used for visualizing the fibers. Time-lapse Raman
spectra were collected by placing the sensor under the
objective, and oral breath was exhaled on the sensor. Spectra
were collected for 50 s, with a time interval of 1 s. Impedance
spectroscopy was performed on the sensor using a Biologic CH
electrochemical workstation. The spectrum was collected using
an alternating current (AC) signal of 20 mV with a direct
current (DC) potential of 2 V. The frequency of the AC signal
was varied between 7 MHz and 9 Hz, and the subsequent
change in the impedance spectrum was noted. Contact angle
measurements were performed using a Holmarc contact angle
meter with a 3 L sessile water droplet. Then, 3 X 3 cm? bare
and PANi-treated PP mats were placed on a glass slide, which
in turn were brought under the droplet for calculating the
water contact angle.

B RESULTS AND DISCUSSION

For the fabrication of a flexible, wearable sensor, nonwoven PP
cloth was chosen as the substrate. It possesses structural
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Figure 2. Scanning electron micrographs of (a) bare PP and (b, c) PANi-coated PP (scale bar is SO ym for (a, b) and 1 ym for (c), respectively).
(d) Time-dependent Raman spectra for understanding water desorption. (e) Variation in intensity for the peak at 3001 cm™". (f) Nyquist plot to
determine the R; and R, of the sensor at room temperature and in dry air and nasal and oral breath exhalation. The circuit arrangement used for

fitting the Nyquist plot is shown in the inset.

integrity against multiple bending cycles and offers high
flexibility and the least resistance to the passage of air. A
schematic representation of the fabrication process is depicted
in Figure 1 (details are provided in the Materials and Methods
Sections). Upon performing SILAR, the color of the mat
changed from blue to green.

To visualize the morphological changes occurring during
SILAR treatment, high-resolution scanning electron micro-
graphs were collected for both bare and PANi-coated PP mats
(Figure 2a—c). Fibers of the PP mat were randomly arranged,
and their surfaces appeared smooth. The fibers were uniform
in diameter (~20 um), as observed in Figure 2a. Upon SILAR,
aniline was polymerized on the PP fibers as evident from the
deposits, making the surface of the fibers extremely rough as
seen in Figure 2b. These structures are highly porous in nature
(Figure 2c), which could assist in enhancing the sensitivity.

To confirm the presence of PANi on PP, FTIR and Raman
spectroscopic analyses were performed, and the corresponding
results are shown in Figure S1. FTIR spectra of untreated and
PANi-coated PP are shown in Figure Sla. All of the

characteristic peaks were assigned and are listed in Table S2.
Peaks at 1245, 1303, and 3203 cm™ for the PANi-coated PP
mat were assigned to y(C—N), aromatic y(C—N), and y(N—
H) stretching, respectively, thereby confirming the presence of
PANi. A comparative study of the vibrational features of both
bare and PANij-coated PP mats was performed using Raman
spectroscopy (Figure S1b). The black trace represents bare PP,
and the red trace represents a PANi-coated mat. A summary of
these results is presented in Table S3.

To understand the adsorption—desorption dynamics of
water molecules from the sensor, a time-dependent Raman
spectral analysis on the cloth was performed. The conducting
cloth was saturated with humidity by continuous exposure to
exhaled breath, and time-lapse Raman spectra were collected
for 18 s, at an interval of 1 s, as shown in Figure 2d. A broad
peak at ~3001 cm™ is attributed to the grouped frequencies of
C—H and N—H, as observed in our previous work.” We
believe that there could be a hydrogen bond between —(NH)*
of PANi and H,0, which assists in proton hopping. The peak
intensity at 3001 cm™" reduced as the water molecule desorbed
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Figure 3. Chronoamperometric analysis for (a) nasal and (b) oral breath. Insets show magnified regions for understanding the response and
recovery time. (c) Response of the sensor stitched on a surgical mask to nasal breathing over a longer period under various breathing styles (fast
breathing, slow breathing, and holding). The data in (a, b) were measured using copper leads, while that in (c) were measured using the conducting

thread.

from the surface of PANi. The intensity was plotted as a
function of time (Figure 2e). The intensity dropped
instantaneously within 1 s, reducing by ~27.7%, and continued
to drop as time progressed. The intensity stabilized after ~12 s,
indicating complete desorption of water molecules from the
surface.

We further performed impedance spectroscopy to elucidate
the mechanism of the sensing element under varying humidity.
The Nyquist plots obtained in each case are shown in Figure
2f. Each Nyquist spectrum has two intercepts to the X axis, the
first intercept corresponds to the surface resistance (R,) of the
sensing material. The second intercept represents a change in
the resistance (R.,), which is related to proton hopping caused
by the adsorption/desorption of water molecules from the
surface. In Nyquist spectra, R, is not clearly seen, as it was not
possible to measure the impedance beyond 7 MHz due to the
limitation of the electrochemical analyzer.

The impedance of our sensor was measured by maintaining
dry-air conditions by purging N, over the sensor (Figure 2f).
The corresponding R, decreased from 58 to 26 k€2, which is a
result of the adsorption of ambient water molecules on the
surface of the mat. Upon nasal exhalation on the sensor, the
resistance decreased to 24 kQ and was further reduced to

~21.9 kQ upon oral exhalation. This reduction in R, was
attributed to the increased adsorption of water molecules in a
high-humidity atmosphere, which results in increased proton
hopping between the two contact pads. The capacitance of the
sensor was 0.87 X 107'> F under the dry-air condition and
increased to 0.94 X 107> F under the room-temperature
condition. Upon nasal exhalation, the capacitance increased to
3.4 X 1072 F, and in the presence of oral exhalation, it reached
22 X 1072 F. This increase in capacitances could be due to the
formation of a capacitive double layer due to the spontaneous
adsorption of moisture on the surface. The electronic circuit
used to fit each Nyquist spectrum is shown in the inset in
Figure 2f. The values have been tabulated and shown in Table
S4.

An ideal sensor must possess a quick response and recovery
time, which is possible if the sensor has an affinity toward
water molecules and simultaneously undergoes fast desorption.
To achieve these, the surface of the sensor should be
ambiphilic in nature. To understand the wetting property of
the sensor surface, the water contact angle before and after
PANi coating was measured (Figure S2). The results suggested
that the PP mat is hydrophobic in nature as the contact angle
was 143° (Figure S2a). After growing PANi on the mat, the
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Scheme 1. Schematic Representation of the Sensing Mechanism. (a) Adsorption of H,O on PANi, (b) Proton Transfer
between the Partially Protonated PANi Backbone and H,O, and (c) Desorption of Water Molecules after Proton Transfer

contact angle reduced to 120°, which suggested that the mat
lost its hydrophobic nature slightly, as seen in Figure S2b. We
believe that due to this complex behavior, quick response and
recovery are observed.

Chronoamperometric Response of the Sensor. To
study the performance of the sensor under oral and nasal
exhaled breath, the sensor was connected to a PalmSens
electrochemical workstation, and a chronoamperometric study
was performed with an applied external voltage of 3 V to the
sensor. Subsequently, the current was measured under different
breathing conditions, as shown in Figure 3. The sensor was
initially allowed to stabilize at room temperature for 50 s, after
which the first nasal exhalation was performed. As a result, the
current rose from 246 to 256 uA as shown in Figure 3a. It took
~13 s for humidity to desorb completely from the surface of
the sensor, as marked in the green box in Figure 3a. It is
evident that the sensor is versatile in determining inhalation
and exhalation (Figure 3a inset). We observed a response time
of ~1.3 + 0.19 s and a recovery time of ~2.07 + 0.32 s. The
sensor was further subjected to oral exhalation, and the
resulting chronoamperometric analysis is shown in Figure 3b.
Upon first oral exhalation, the current rose by 17 pyA. Oral
inhalation and exhalation were continued further for 200 s.
From the sensing results, it is evident that the time required for
the desorption of water molecules from the surface of the
sensor is ~65 s. However, in the case of oral exhalation, the
sensor was capable of distinguishing both with a response time
of ~2.1 £ 0.23 s and a recovery time of ~2.8 + 0.31 s (Figure
3b inset).

Further, to collect real-time data by conducting field trials
using facemasks, the sensor was stitched to a mask. Since
copper wires do not stitch well, they were replaced with
conducting threads and silver paste. A chronoamperometric
study was then performed to determine the sensor response
(Figure 3c). The sensor was capable of discerning different
breathing patterns. Upon the first exhalation, a rise of 3 yA was
recorded, and the peaks were present clearly even after
continuous breathing. Initially, the volunteer was asked to
breathe normally for a period of 420 s. The time period for a
cycle of inhalation and exhalation was ~2.4 + 0.5 s. For a
period of ~2 min (from 900 to 1020 s), the volunteer
performed fast breathing. During this period, the inhalation—

exhalation cycles lasted for ~1.2 s with a breath rate of ~82
breaths/min. Subsequently, the volunteer was asked to execute
deep inhalation and slow exhalation. In this regime, the time
period for one breath cycle was ~4.4 + 0.3 s. Finally, at the
end of 1380 s, upon the last exhalation, the volunteer was
asked to hold his/her breath for a period of ~60 s, after which
the breathing continued. We observed a slight increase in the
overall current as time progressed. This could be attributed to
the increased adsorption of moisture on the sensor during the
breath-holding time.

The exhaled breath comprised several different compounds.
An analysis of these compounds would relate to understanding
the well-being of an individual. Acetone and ethanol are some
of the commonly known components of exhaled breath in
diabetics*® and alcoholics,”” respectively. Droplets containing
different concentrations of an ethanol—water mixture were
brought close to the sensor, and the response from the sensor
was recorded (Figure S3a). As the concentration of ethanol
increased, the drop in current also increased. A plot of
concentration vs current shows the drop (Figure S3b).
Similarly, the sensor’s response in the presence of acetone—
water mixture is shown in Figure S3c. A plot depicting a drop
in current vs concentration of acetone is shown in Figure S3d.
The drop was the highest for pure ethanol compared to
acetone; however, at 5% concentration in water, there was a
gain in current in the case of ethanol, unlike acetone. An
increase in water content in the droplet results in a decrease in
the current drop, which suggests that the sensing mechanism is
based on Grotthuss proton hopping. In pure droplets of
acetone and water, in the absence of H,O molecules, no H;O*
species are observed, which is necessary for proton hopping. As
the concentration of water in each of the droplets increases, the
overall current drop also reduces. As soon as the droplet of
acetone or ethanol is brought near the vicinity of the sensor,
due to their high vapor pressure, the vapors of these volatile
molecules disperse the adsorbed moisture on the sensor, and in
the absence of protons on the surface of the sensor, a dip in the
conductivity is observed with a drop in current. In the case of
binary mixtures, due to the lower surface tension of ethanol/
acetone within the droplet, these molecules tend to move
toward the surface of the water droplet.48 From the surface, the
vapors of acetone/ethanol evaporate and they disperse the
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adsorbed water molecules on the surface of the sensor. We
suspect that as the concentrations of these volatile species
decrease inside the droplet, the overall vapor pressure reduces,
resulting in a decrease in the current drop. When a drop of the
water—ethanol mixture (95% water, 5% ethanol) was brought
close to the surface of the sensor, there was an increase in the
current, which reduced as the droplet was retracted from the
surface. We suspect that as the ethanol molecules evaporated
from the droplet, a small number of water molecules might
have evaporated along with them. With the increase of protons

on the surface of the sensor, the conductivity might have
increased.

Sensing Mechanism. We believe that the Grotthuss
proton hopping is the underlying mechanism of sensing."’
Adsorption of H,0 molecules on the surface of PAN; is driven
by the formation of intermolecular hydrogen bonds as shown
in Scheme la. This acts as a “switch” throughout the surface,
resulting in an increase in the conductivity with an increase in
the ambient %RH levels. The Emeraldine salt form of PANi in
a partially protonated state enables it to form a “switch” in the
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Figure 6. (a) Flow chart describing the process of obtaining the respiration rate (RR). (b) 1D convolutional neural network used for binary

classification.

presence of the adsorbed water molecules. This results in the
formation of H;O" intermediary species, which are then
transferred to the neighboring nitrogen atom as shown in
Scheme 1b. Finally, desorption of the H,O species occurs due
to the hydrophobic nature of the PP backbone (Scheme 1c).

Antibacterial Activity. Due to the close vicinity of the
sensor to the mouth, there is a possibility of bacterial growth
on the sensor. To understand the bacterial inhibition property
of the sensor, untreated PP and PANi-coated PP were placed
on agar plates inoculated with Gram-negative (Escherichia coli)
and Gram-positive (Bacillus subtilis) bacteria. Fresh bacterial
cultures of E. coli (MTCC 443), E. coli (MTCC 739), and B.
subtilis were spread on nutrient agar plates along with ~1 cm X
1 cm pieces of the mats placed on top. Digital photographs of
the agar plate containing the sensors with the bacterial lawn are
shown in Figure S4. After overnight incubation at 37 °C, the
bacterial lawn formed was observed to not interact with PP and
PANi-coated PP along its boundaries. This was confirmed
through a thin, observable zone of inhibition along PP, though
it was not prominent in the latter.

Calibration of the Sensor. The sensor’s response under
different controlled humidity conditions was measured as
shown in Figure SS. Supersaturated salt solutions were used to

control humidity inside a bottle. A plot of (Vdry e — Vry) vs %
RH is shown in Figure 4a; the slope of this curve shows the
sensitivity of the sensor. The calibration curve depicting the
response of the sensor in different humidity conditions is
shown in Figure 4b. Details pertaining to the amount of salt
used are given in Table S1.

Design and Assembly of a Real-Time Monitoring
Sensor through a Mobile Application. The sensor unit
after calibration was stitched on a disposable surgical mask, and
a conducting thread was used to connect the mask to the
prototype board (Figure S6). The components needed for the
circuitry along with the cost of each component are provided
in Table SS. All of the procured components were
commercially available, and their overall cost can be further
reduced with scale. A volunteer was requested to wear the
modified surgical mask and breathe on the sensor (Figure Sa).
An Android mobile application was developed to record the
readings and record the number of breath cycles. The screen
grabs from the application are shown in Figure Sb. Upon
opening the application, the user is directed to the home page
that directly leads to the “Find devices tab,” where the user
selects the available device. Thereafter, the user profile details
are recorded. The user can then start measuring the breath
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Figure 7. Comparing the performance of different classifiers on the collected data.

data. Once he/she is satisfied with the duration of breathing,
the user can upload the data or directly plot the data, which
gives the breath rate. The data obtained can be stored in their
personal drive for future analysis. The responses obtained from
the microcontroller in the presence of different breathing
patterns are plotted in Figure S7.

Unlike in the case of the chronoamperometric study,
wherein exhalation resulted in a rise in the current, the output
voltage across the sensor decreased. We suspect this to be due
to the increased capacitive nature of the sensor in the presence
of humidity. Sensitivity is presented as the ratio of output
voltage under dry air conditions to output voltage under
exhalation. The time taken for one breath cycle was ~5.1 s, as

the volunteer was asked to breathe normally. From Figure
S7a,b, the breathing frequency of 13 and 6 breaths per min
were observed for normal and slow breathing, respectively. As
soon as the volunteer exhaled onto the sensor, an increase in
the sensitivity was observed, which took ~2.89 s to reach the
maximum. Subsequently, as soon as the volunteer started to
inhale, the sensitivity decreased (Figure S7a). When the
volunteer exhaled slowly through the nose, there was a gradual
increase in the sensitivity. The individual needed ~10.3 s for
one exhalation—inhalation cycle. This rise and fall in sensitivity
is almost synchronous to the normal breathing rate of the
individual. The breathing response of six different volunteers is
shown in Figure S8. The sensor was able to differentiate
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between slow, normal, and fast breathing, as the amplitude and
time period of each peak was different for each breathing
pattern. The fast-breathing pattern had a smaller amplitude
compared to that of the normal or slow pattern. For some
volunteers, the relative humidity of the nasal breath and oral
exhalation was ~65 and ~80%, respectively.

Sleep apnea is a serious sleeping disorder in which, due to
irregular breathing, sleep is often disturbed, leaving the patients
tired. The sensor’s capability to discern between breathing and
breath holding was tested by asking a volunteer to breathe
normally through the nose S times and hold the breath for 10
s. This cycle was repeated for a total duration of 120 s. The
recorded response is shown in Figure S9. As soon as the
volunteer began to hold his/her breath, a dip in the sensitivity
was observed as humidity desorbed from the sensor. The
response reversed as the volunteer followed up with a deep
inhalation.

Furthermore, a volunteer was requested to wear the mask for
an extended period while comfortably sitting and working on
the laptop (Figure S10). While doing chores, no anomalies in
the sensor’s response were observed. An analysis of breath
quality under stress for several volunteers falls under the scope
of future work.

Categorization of Breathing Patterns. The flow from
the collection of raw data to classification is shown in Figure
6a. Initial raw data were collected from Arduino Uno, from
which exponentially weighted moving average (EMA), a
smoothing technique, was applied to the time-ordered
sequence of data. From the smoothed data, peaks and peak
amplitude were calculated using the “find_peaks” function of
the SciPy library. As shown in Figure 6b, a one-dimensional
(1D) convolutional neural network with two convolutional
layers and two fully connected layers was used, since neural
networks are capable of automatically extracting features from
time series. There was a max polling layer after every
convolutional layer. The last layer performed the binary
classification, and a sigmoid activation function was used. A
binary cross-entropy loss function with the Adam optimizer
was used. A batch size of 8 was selected, and the number of
epochs was S50. These hyperparameters were chosen
empirically.

The data collected from the smart mask were modeled as a
time series since the humidity of exhaled breath varied with
time. It was cleaned (filtered and smoothened) and split into
segments of 1 min. A label was assigned to the segment based
on the nature of breathing cycles in it. Segments with normal
nasal and oral breathing were assigned the label “normal.”
Segments with deep nasal and oral breathing were assigned the
label “slow.” Segments with quick nasal and oral breathing
were assigned the label “fast.” A total of 373 segments were
obtained from all of the volunteers with 139 for normal
breathing, 136 for deep breathing, and 98 for quick breathing,
These segments were then used to form the dataset for training
the classification algorithms. The binary classification was
implemented to classify the samples as normal and abnormal
(fast and slow). The algorithm used logistic regression, 1D
convolutional neural network (1D CNN), Bag-of-Symbolic
Fourier Approximation (SFA) Symbols in Vector Space
(BOSSVS), k-Nearest Neighbors (kNN), and Symbolic
Aggregate approXimation in Vector Space Model (SAX-
VSM) for classifying the breathing pattern. The performance
metrics used were accuracy (Acc), true positive rate (TPR),
and false positive rate (FPR), which are defined below.

Abnormal breathing was assigned as positive and normal
breathing as negative for evaluating the accuracy of each
model.

TP + TN
Acc =
TP + TN + FP + EN
TP
TPR = ——
TP + EN
FP
FPR = ——
FP + TN

As concluded from Figure 7, an accuracy of 60.6% was
observed for logistic regression, 81.91% for the 1D convolu-
tional neural network, 89.36% for BOSSVS, and 74.46% for
kNN, and the best accuracy of 90.42% was observed for SAX-
VSM (Figure 7). These results have been tabulated in Table
Sé.

For studying the breathing pattern, smart masks were
provided to 23 volunteers, and they were asked to exhale both
orally and through the nasal passage. Some of their responses
are shown in Figure S11. While wearing the masks, the
volunteers were seated and were asked to breathe continuously
for 120 s to calculate the time needed for slow breath, albeit
oral or nasal. The time period was recorded to be 8.02 s, with
outliers at 16.0 and 2.0 s. The longest time to take a complete
breath, i.e., both inhalation and exhalation, was 16.0 s. On the
other hand, the average time needed for a normal breath cycle
was 3.2 s, the slowest being at 5.1 s and the fastest at 2.0 s for a
complete breathing cycle. When the volunteers were asked to
breathe faster, the average time was observed to be 1.8 s, and
the slowest and fastest times were ~2.9 and 1.1 s, respectively.
Thus, the sensor showed dynamic sensing capability by being
able to distinguish between slow, fast, and normal breathing
patterns. We believe that the sensor can be worn for extended
periods of time and the breathing data can be collected for
detailed analysis.

A comparison of different humidity sensors that have been
employed for breath monitoring is given in Table S7. The
absence of exotic materials such as graphene, carbon
nanotubes, quantum dots, and MoS,, yet having almost a
similar performance, makes our sensor compelling for everyday
breath monitoring. SILAR is frugal and simplistic in fabrication
and therefore can be fabricated by anyone with a basic
understanding of the technique and can be further expanded to
use other conducting polymers and applied on different fabric
materials as well. We believe that due to its ease of fabrication
and affordability, our sensor can be upscaled and deployed at a
large scale for recording breathing patterns. The sensors were
found to be extremely stable even after 1 year, although these
sensors were fabricated in February 2020 and were tested
during July—December 2021 due to multiple lockdowns. They
were stable for long-term use. One of the volunteers wore the
mask continuously for 120 min, and data were collected.
Additionally, as the breathing data can be recorded on a mobile
phone, the data can be shared with a specialist who could then
analyze and provide appropriate suggestions on the medical
condition. Furthermore, these data can be analyzed using a
neural network algorithm for further improvement in the
accuracy of the prediction.

A major challenge is device validation through clinical trials
having larger datasets, which improves the accuracy of the
models utilized. The electronic components used are the major

https://doi.org/10.1021/acsomega.2c05017
ACS Omega XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05017/suppl_file/ao2c05017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05017/suppl_file/ao2c05017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05017/suppl_file/ao2c05017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05017/suppl_file/ao2c05017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05017/suppl_file/ao2c05017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05017/suppl_file/ao2c05017_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

contributors to the price and the physical size of the device,
which require optimization. Addressing these issues may help
in providing everyone with a smart mask that is minimalistic,
trendy, and affordable for everyday use.

B CONCLUSIONS

A frugal humidity sensor was fabricated by in situ polymer-
ization of aniline on nonwoven PP cloth using SILAR. The
fabrication process is scalable and affordable, thereby making it
conducive for large-scale manufacturing. The sensor was later
stitched on a disposable surgical mask, thereby transforming it
into a smart mask for continuous monitoring of changes in the
exhaled breath. The sensor was also capable of detecting
various concentrations of acetone and ethanol, thus making it
versatile. Bacterial growth studies indicated that even though
the zone of inhibition was limited, the growth over the sensor
cloth was not observed, thus rendering it safe for prolonged
use. An Android phone application was designed to collect and
analyze the user’s breathing pattern and categorize it into fast,
slow, and normal regimes. Our scalable, versatile, and
affordable sensor along with analytics can help analyze the
health of people. Such smart masks could be used for daily
breath monitoring in hospitals and during workouts.
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