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ABSTRACT: The COVID-19 pandemic has created a situation
where wearing personal protective masks is a must for every
human being and introduced them as a part of everyday life. This
work demonstrates a new functionality embedded in single-use
face masks through an embroidered humidity sensor. The design
of the face mask humidity sensor is comprised of interdigitated
electrodes made of polyamide-based conductive threads and
common polyester threads which act as a dielectric sensing layer
embroidered between them. Therefore, the embroidered sensor
acts as a capacitor, the performance of which was studied in
increasing humidity conditions in the frequency range from 1 Hz
to 100 kHz. The moisture adsorbed by sensitive hygroscopic polyester threads altered their dielectric and permittivity properties
which were detected by the change in capacitance values of the face mask sensors at different relative humidity (RH) levels. The
calculated limit of detection (LOD) values for the two proposed sensors at different frequencies (1, 10, and 100 kHz) were found in
the range from 11.46% RH—27.41% RH and 29.79% RH—38.65% RH. The tested sensors showed good repeatability and stability
under different humidity conditions over a period of 80 min. By employing direct embroidery of silver-coated polyamide conductive
threads and moisture-sensitive polyester threads onto the face mask, the present work exploits the application of polymer-based
textile materials in developing novel stretchable sensing devices toward e-textile applications.
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concentrations.® Deviated levels of these breath biomarkers in
the body from their standard values can lead to an early level of
detection of concerning anomalies in the human body. Thus,
detection of human breath and the humidity which arises
during respiration is important for early disease monitoring.
Humidity is generally expressed in terms of relative humidity

1. INTRODUCTION

Mask wearing can be effective in the containment of
communicable diseases and has thus become a new normal
in many societies since the COVID-19 pandemic. Face masks
are also needed in all surgical wards and dentist offices as well
as in cold storage working environments. For now, masks are

used only for protection, and there is a need to breathe new life
into face masks, in terms of enhancing their functionality to
detect different parameters or biomarkers. Bearing in mind that
our exhalation on a daily level contains around 0.5 kg of water,
it is interesting to embed humidity-sensing functionality into
protective face masks. A substantial control of humidity levels
is crucial for many industrial applications such as agriculture,
medicine, and weather forecasting.”” With the development of
wearable and electronic sensors,”" it has now become possible
to detect humidity related to the human body such as during
respiration, speech, moisture on the skin, and baby diaper
monitoring.” Though there have been significant efforts
reported, many challenges still exist in this field. Water
molecules are a major part of human breath, which has an
impact on the relative humidity (RH) around our nose and
mouth during respiration. In essence, human breath is reported
to be nearly saturated with water (>95%) together with
nitrogen, oxygen, carbon dioxide, inert gases, and other disease
biomarkers such as acetone, ammonia, isoprene, ethanol, etc.
in parts per trillion (ppt) and parts per million (ppm)
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(RH) which is defined as the ratio of the partial pressure of the
water vapors present in air to the saturated amount of vapors in
air at a given temperature. In common terms, water vapor can
be considered as a ubiquitous gas in the atmosphere, which
even in trace amounts changes the properties of the medium.
Thus, accurate detection of water vapor is highly essential for
multiple applications.” To address the widespread demand for
precise humidity measurement, recent research efforts have
aimed to explore novel sensor designs that involve new sensing
materials, cost-effective fabrication methods, appropriate
flexible substrates, and their easy integration to readout
electronics. The advent of the current era of stretchable
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Table 1. Capacitive Humidity Sensors of Different Components and Configurations

Substrate Humidity sensing material Fabrication method % RH range Ref
Copper wire Yarn Mechanical wrapping 6—-90 8
Paper Silver ink Inkjet printing 40-90 9
Polyimide Silver ink Lithography, Inkjet printing 10-70 10
Textile fabric MIL-96(Al) Metal Organic Framework (MOF) Langmuir—Blodgett 3.7-90 11
Polyimide Cellulose acetate butyrate (CAB) Photolithography, Inkjet 25-85 16
printing
Polyester textile Polydimethylsiloxane—calcium chloride (PDMS-CaCl,) Screen printing 30—-60 21
Polyethylene terephthalate Nb,CT, MXene-sodium alginate Electrospinning 11-97 39
Glass/polyethylene terephthalate  Wood-derived nanocellulose paper Chemical 7-94 40
Epoxy Indium oxide—graphene oxide (In,0;-GO) Chemical 11-97 41
Polyethylene terephthalate Indium tin oxide—aluminum oxide (ITO-ALO;) Screen printing 5-95 42
Glass Carbon nanotube-nickel phthalocyanine-poly-N- Chemical 30-90 43
epoxypropylcarbazole
Polyimide Graphene oxide-polydiallyldimethylammonium chloride (GO-  Chemical 11-97 44
PDDA)
Polyimide Molybdenum disulfide—tin oxide (MoS,-Sn0O,) Chemical 11-97 45
Glass Keratin—graphene oxide, keratin—carbon fiber Chemical 16—92 46
Nonwoven polypropylene face Polyester threads Embroidery 28-78,36—74 This work

mask

sensors has been expedited by novel developments and
innovations in textile electronics and their possible applications
for real-time sensing.”” With respect to the device design,
generally a humidity sensor is composed of a sensing layer
onto a suitable substrate with electrodes for physical
interfacing and transduction. The sensors fabricated with
appropriate water-sensitive materials, digitized electrode
patterns, and stretchable substrates showcase high performance
with respect to linearity, sensitivity, reproducibility, and
hysteresis.”” Humidity sensors are typically classified into
capacitive and resistive types based on their sensing
mechanisms.

In humidity sensors, sensitive sensing materials are highly
susceptible to adsorption and desorption of water vapors which
impacts their dielectric properties, thereby causing changes in
capacitance and resistance values and producing different
response characteristics. Recently, textile materials have
attracted immense attention as sensing materials and as
potential substrates in prototyping novel humidity sensors
because of their natural abundance, low cost, flexibility, zero
toxicity, and biocompatibility over their chemical counterparts.
So far, significant efforts have been made to develop different
textile-based capacitive'®'" and resistive'*™"> humidity sen-
sors. The basic methodology recently adopted for fabricating
textile sensors is commonly based on weaving'®'” and
sewing18 techniques. Moreover, coating (e.g, Langmuir—
Blodgett, drop coating, spin coating) and printing methods
are also reported involving polyimide, polydimethyl sulfoxide,
carbon nanomaterials, or ceramic materials as humidity-
sensitive materials to textile substrates.'”'""'*'??* Though
these approaches demonstrate significant progress toward
developing textile-based humidity sensors, there are several
challenges during their fabrication processes, for example,
limited durability of sensors prepared by printing and coating
methods,"”® damage to the surface of the sensing layer, and a
decrease of the sensor sensitivity towards detecting water
molecules. The state-of-the-art of humidity monitoring has
evolved in recent times. Humidity sensors on textile substrates
can be utilized in promising wearable applications in current
times to monitor various biological parameters such as human
water metabolism, breathing, and sweating patterns.8 However,
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it is difficult for conventional hygroscopic polymers, porous
silicon, aluminum oxide, or graphene materials to be assembled
on textile surfaces as they get deformed during humidity
measurements.”’ Therefore, currently the most demanding
task in creating a textile-based humidity sensor is its facile and
robust fabrication using appropriate sensing materials which
have high sensitivity towards water.

Considering the challenges in fabricating textile-based
humidity sensors, the present paper reports an embroidered
capacitive humidity sensor with appropriately selected
polymer-based fiber yarns. Modern embroidery techniques
takes advantage of stitching the desired graphical patterns
using a variety of textile fiber yarns and filaments.”” The
present prototype is comprised of conductive yarn-based
interdigitated electrodes and hygroscopic adsorbent threads
fabricated using embroidery additive manufacturing techniques
on a face mask made from nonwoven polypropylene. Humidity
sensors developed using different moisture-sensitive materials,
interdigitated electrode patterns, and different substrates have
been reported to impact the development and performance of
the wearable devices for multiple applications. Table 1
summarizes recently reported humidity sensors comprised of
diverse components and configurations. In light of the
COVID-19 pandemic, several efforts have been put forward
to create face-mask-embedded sensors for the detection of
breath biomarkers;**** however, they are mostly based on
FFP2 (filtering face-piece 2) masks which need to be
optimized for their reusability, long-term wearability, comfort,
design, and performance.”>*” This work takes an initiative to
utilize single-use nonwoven face masks which are of low weight
and with high porosity, presenting an ultimate example of a
textile-based wearable device providing a high level of comfort
to the wearer in addition to having good sensing capabilities
toward moisture detection.

To create the interdigitated textile electrodes on the face
mask, silver-plated polyamide thread was chosen to be stitched
as an interdigitated pattern directly on the face mask, whereas
two different types of polyester threads were embroidered and
incorporated as hygroscopic sensing material between them.
While there are a few reports on thread-based sensin
applications for human perspiration30 and temperature,3
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humidity sensors are rarely reported.® Recently, the fabrication
of a copper wire and a sensitive yarn-based capacitive humidity
sensor fabricated by a mechanical wrapping machine has been
reported.” Moreover, cotton threads have been used for
humidity monitoring; however, the fabrication technology was
based on the roll to roll method to coat the threads with
carbon nanotube (CNT) ink.*’ Linen and cotton-based textile
materials are reportedly used for humidity sensing coated with
a metal—organic framework (MOF)."" Threads used in the
present work involved a facile method of sensor fabrication
without any need for its functionalization with nanomaterials,
thus avoiding the possible loss of nanomaterials under high
humidity conditions and preventing the potential errors in
generating signal consistency and sensor performance towards
humidity sensing. The configuration and number of fingers of
the electrodes stayed uniform for both of the embroidered
sensors. The present face mask sensors relied on the variation
in the dielectric permittivity of the sensitive polyester
hygroscopic threads placed at the electrodes, causing the
changes in capacitance.

Herein, we report a face-mask-based embroidered humidity
sensor with high sensitivity towards water. The embroidery
method for the fabrication of the prototype showed the ability
to create robust, stable, and reliable humidity sensors with
customized electrode configurations. The paper presents the
proof-of-concept of using polyester-based embroidered threads
as sensing material and a comparison of their performances
toward capacitive humidity measurements. Furthermore, the
current work marks a significant development in fabricating
humidity sensors on protective face masks using an embroidery
technique. The presented sensor design and prototype are well
suited to be embedded into a face mask utilized for real-time
monitoring of human respiration and in a significantly
noninvasive way. The presence of water molecules in breathing
air is a key factor to making our prepared sensor a best fit for
this application as the face mask can be easily worn for a
considerable period of time and can touch to breath air directly
to analyze the moisture variation around the mouth and nose.
The humidity sensor presents a state-of-the-art strategy which
can transmit electric signals during inhalation and exhalation.
As a person breathes out, the airflow reaches the sensor,
resulting in the increment of RH immediately, while during
breathing in, the dry air comes to the sensor, thereby
generating a series of respiratory signals where an alarm can
be set based on health anomalies which impact the signal such
as a straight line or abnormal signal level. Thus, detection of
human breath and the humidity which arises during respiration
are important variables for early disease monitoring.

Moreover, the present piece of work manifests polymer-
core-based textile threads as a novel applied material to
develop a face-mask-based humidity sensor prototype which
can be useful to detect exhaled breath condensate (EBC)
which contains saturated levels of water. Illustration of the
embroidered sensor on a single-use face mask for humidity
sensing is shown in Scheme 1.

2. EXPERIMENTAL SECTION

2.1. Materials and Fabrication of Face-Mask-Based
Humidity Sensors. To fabricate the capacitive sensor,
initially an interdigitated finger design was chosen, which is
one of the most commonly used designs in the creation of
planar capacitors.”” Additional designs have been explored in
the literature, such as a mixture of meandered and

Scheme 1. Representation of an Embroidered Humidity
Sensor on a Single-Use Face Mask Comprised of Silver-
Coated Conductive Polyamide Thread As an Interdigitated
Electrode and Hygroscopic Polyester Threads As Sensing
Material

SENSING LAYER

CONDUCTIVE SILVER COATED

THREAD ELECTRODES HYGROSCOPIC SENSING
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\ 4
\ 4
\ /
\ 4
\ 4

interdigitated finger capacitors,”> but the IDE structure is
relatively easier to manufacture and studied in-depth and
simulated,®*** which given the constraints of technical
embroidery materials and mask/face morphology was a
necessary compromise versus the aforementioned mixed
geometry type work. The novelty of our approach is in the
embroidering of the textile threads directly on the protective
face mask in the form of IDE, resulting in a lightweight and
natural design, minimally changing the original design of the
mask. The specification in the context of dimensions and
length of the fingers was adjusted to the dimension of one
stripe of the commercial face mask. The design was created in
AutoCAD 2021 (Autodesk, USA). The dimensions of the
sensor structure are selected based on the following: (a) to be
manufactured on one of the three prefabricated folds of the
three-layer single use fabric/cloth face mask and (b) to be
located near the position of one’s nose when the mask is in use.
The final design was as follows: Two busbars on the top and
bottom were embroidered, with a thickness of 1.5 mm and
with length slightly overshooting the mask ends, in order to
accommodate for the attachment of additional electronics or
instruments. Amounts of ten 0.5 mm thick fingers were
attached to each busbar, with a 4.5 mm spacing between two
consecutive fingers. The length of each finger was 5 mm, and
the spacing between the two busbars was 6.5 mm. For the
interdigitation to occur, the center of each finger of the bottom
busbar was aligned with the center of the finger spacing of the
top busbar. The vector drawing file was then subsequently
imported to the proprietary software of the technical
embroidery machine manufacturer, in order to be digitized
into stitches. The design was embroidered using an industrial
technical embroidery machine (JCZA 0109-550, ZSK
Germany). To embroider the design, three out of the nine
available standard embroidery needles were utilized, each one
tensioned appropriately and terminated to the correct needle
for each of the threads used.

The interdigitated fingers were embroidered using a
conductive thread, particularly the Silver-Tech 150 by
AMANN, which is a silver-coated polyamide thread with a
nominal electrical resistance of less than 300 €2/m. To fill the
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Figure 1. (a) Design of face mask sensors with interdigitated conductive silver-coated polyamide yarn electrodes and Burmilon and Polyneon
threads as humidity-sensitive material fabricated using embroidery and (b) SEM images of threads.

gap between the two sets of fingers, two different threads were
utilized, creating two different mask design variations:
Burmilon #200 weight and Polyneon #60 weight by Madeira,
both being polyester based (Figure 1a). SEM micrographs of
implemented textile threads are presented in Figure 1b. To
stabilize the masks on the embroidery frame, a tear-away water-
soluble poly(vinyl-alcohol) (PVA) backing was used, which
was removed at the end of the embroidery.

The main driver of selecting the design was the mask
functionality. Since the embroidery technique bridges two
threads, one from the top and one from the bottom of the
fabric, any attempt to cross any of the three folds of the mask
with the sensor would render it useless, as it would not be able
to fully deploy on the face of the user. Additionally, the
embroidered sensor interfacing should be done at the mask
borders, to allow for easy connection to the readout electronics
circuitry, and the design should be to the extent possible
symmetric to avoid any parasitic and triboelectric phenomena.

2.2. Capacitive Measurement of the Face-Mask-
Based Humidity Sensor and Surface Characterization.
For humidity sensing, the embroidered face mask sensors were
set up in a self-assembled glass-sealed bottle chamber where
the dielectric polyester threads were exposed to water vapors at
constant temperature (~25 °C). Our aim was to develop a
sensor capable of detecting the actual humidity changes, and
for that purpose, we had to provide controlled environmental
conditions at the initial stage. RH was varied to measure their
sensitivity to humidity using the Owlstone system (V-OVG,
Owlstone Ltd, Cambridge, UK), depicted in Supporting
Information (SI) Figure S1, with controlled input and output
wet airflow during which water vapors were adsorbed by the
hygroscopic threads embedded between the interdigitated
silver electrodes.

RH was varied slowly in the range from 28 to 78% for
Burmilon and from 36 to 74% for Polyneon face mask sensors,
and the corresponding change in the capacitance of the face
mask sensor was measured in situ using a chemical impedance
analyzer (IM3590, Hioki, Japan), also shown in Figure S1, in
the frequency range from 1 Hz to 100 kHz. The difference in
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the varying humidity range for both masks is due the higher
sensitivity of the Burmilon thread toward water molecules
which is discussed in the later sections. The complete
experimental setup for humidity sensing is shown in Figure
S1. The embroidered conductive thread electrodes on the face
mask sensor were connected with the two wires of the test
setup, which were further connected to the impedance
analyzer.

The surface morphology of the conductive silver-coated
polyamide yarn Silver-Tech 150 and polyester-based Burmilon
and Polyneon threads was investigated by scanning electron
microscopy (TM3030, Hitachi, Japan) at an accelerating
voltage of 10 kV (Figure 1b). The SEM images of both
polyester threads involve significant numbers of long and
twisted surface channels within the thread loop which
supported adsorption and transport of water molecules
through them. Furthermore, the undulating surface morphol-
ogy of Burmilon and Polyneon threads can be attributed to the
knitting or weaving of multiple independent fibers together in a
three-dimensional configuration. Moreover, the micrographic
image of Silver-Tech 150 shows the similar long fibers in a
continuous pattern. Moreover, Fourier transform infrared
(FTIR) spectra of sensing threads Bumilon and Polyneon
are shown in Figure 2 and were carried out in the spectrum
range 400—4000 cm™' (attenuated total reflectance mode)
using ALPHA (Bruker, Germany).

3. RESULTS AND DISCUSSION

3.1. Strategy of the Humidity Response Mechanism.
For a capacitive humidity sensor, the capacitance is dependent
on the permittivity of the dielectric material. In the present
case, under increased humidity conditions, the permittivity of
water, which is relatively high, caused the permittivity of the
hygroscopic threads to increase, and subsequently RH was
monitored by measuring the increase in capacitance of the
sensor. It is important to emphasize that Burmilon and
Polyneon threads are carefully chosen as dielectric sensing
material since, being polyester-based, they can adsorb moisture
more easily. That is because of the presence of abundant polar
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Figure 2. FTIR spectra of polyester-core-based Burmilon and
Polyneon threads.

carbonyl groups on the surface of polyester fibers which can
also be analyzed by FTIR spectra of threads (Figure 2)
presented at 1716 cm™" due to the stretching vibrations of C=
O groups.” The threads interact with water molecules readily
through van der Waals forces, which are in principle dipole—
dipole interactions. In the present work, the embroidered face
mask sensor represents a capacitance-type humidity sensor,
and the capacitance (C) of the sensor is defined by C = €A/
4mkd where € represents the permittivity of the dielectric; A is
the electrode surface area; k is the electrostatic force constant;
and d represents the thickness of the dielectric. Given that A
and d are constant, C is directly proportional to &.°”*" The
dielectric permittivity of polymer materials is reportedly much
smaller than water,® allowing the permittivity of the
hygroscopic threads to increase when they come into contact
with water molecules. Therefore, the capacitance of the
humidity sensor increases along with an increase in
humidity.***’

3.2. Humidity-Sensing Performance of the Embroi-
dered Face Mask Sensors. In order to understand the
capacitive behavior of the embroidered interdigitated finger-
based face mask sensor toward humidity, we compared the
performance of the two embroidered sensors made up of
Burmilon and Polyneon threads as a sensing layer between
interdigitated silver electrodes fabricated independently. With
the aim to obtain the actual response of the sensor and to
exclude the impact of the connecting wires, we first measured
the short-circuited impedance of the connecting wires in the
whole frequency range. These values were subtracted from

measured impedance obtained with the attached sensors. In
this case, both embroidered sensors manifested a similar trend
of change in capacitive behavior in the presence of water under
different relative humidity levels in the frequency range from 1
Hz to 100 kHz. Figure 3a and Figure 3b reveals the
capacitance—frequency characteristics of the Burmilon- and
Polyneon-based interdigitated face mask sensors, respectively.

The RH level ranges from 28% to 78% for the Burmilon-
based face mask sensor, while it ranges from 36% to 74% for
the Polyneon-based sensor. It was found that the capacitance
values of the sensors decreased gradually with an increase in
frequency and stabilized in the higher-frequency region. The
reason for this behavior might be the fact that polarization of
water molecules was quite slow with the change in electric field
at higher operating frequencies, which caused the permittivity
of the sensing layers to remain low which eventually led to a
decrease in the capacitance of the sensors.”**~** The observed
results were found in good agreement with previously reported
capacitive humidity sensors, showing a similar trend.***'
Furthermore, it is clear from the logarithmic scaled graphs in
Figure 3 that the capacitance of the sensors showed a linear
decrease with an increase in frequency when humidity levels
were above 65% in the case of Burmilon- and above 64% in the
case of Polyneon-based sensors. Moreover, the results justify
the utilization of our fabricated face mask prototype as an
efficient humidity sensor.

In another set of developments, our embroidered face mask
sensors showed a linear increase in capacitance values with an
increase in different RH values. The reason for this behavior
was the increase in the dielectric permittivity of the sensing
textile threads, which was proportional with the increase in
humidity and caused an increase in the overall sensor
capacitance. As can be seen from Figure S2 (SI), the rate of
change in capacitance of both the face mask sensors with
increasing % RH values was found to be very high at the lower
frequency of 100 Hz (Figure S2a,b). However, with an increase
in frequency (Figure S2c,d), the capacitance change relatively
decreased at 1, 10, and 100 kHz, respectively, which remained
very low and stable compared to lower frequencies. The reason
for this small variation in capacitance at higher frequencies was
due to the rapid change in the electric field, which could not
allow water molecules to be polarized and adsorbed by the
sensing threads. In other words, polarization of water is less
accelerated at higher frequencies as a result of which less
electrostatic forces come into action between the sensing layer
and water molecules. The basic reason behind this
phenomenon is the decrease in permittivity of the sensing
layer at higher frequencies,*” which resulted in the reduction of
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Figure 3. Trend of capacitance decrement of (a) Burmilon- and (b) Polyneon-based face mask sensors with an increase in the operating frequency

range from 1 Hz to 100 kHz.
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Figure 4. Comparison of the trend of Burmilon and Polyneon face mask humidity sensors towards a change in capacitance with respect to an
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the dielectric properties of the sensing threads. Thus, a
decrement in the capacitance of the sensors was observed. The
results obtained showed a trend similar to other reported
capacitive humidity sensors,”*~** which verified good sensing
performances of our embroidered face mask sensors towards
humidity measurements. In addition, a Burmilon-based sensor
showed a relatively good linear fit and thus high sensing
performance towards capacitive humidity sensing at different
frequencies in the % RH range from 28 to 78% compared to a
Polyneon-based sensor where % RH was varied from 36 to
74%.

Figure 4 reveals the comparison of the linear increment of
capacitance with increasing values of different % RH levels for
the two embroidered face mask sensors at different frequencies
of 1, 10, and 100 kHz. The obtained data for both the sensors
are compiled in Table 2 which justified better performance of a
Burmilon-thread-based face mask sensor. Even though the
sensor responses at 1 kHz (Figure 4a) showed acceptable

Table 2. Comparison of Regression Datat (R*) of
Embroidered Interdigitated Face Mask Sensors for Linear
Increment of Capacitance with Increasing % RH

face mask

sensor R*at1kHz R*at10kHz R*at 100kHz % RH range
Burmilon 0.74 0.91 0.99 28—-78%
Polyneon 0.63 0.72 0.76 36—74%
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linearity (R* > 0.7), there exist methods that can improve the
linearity of the sensor response such as the piecewise
linearization method which can be implemented in software
or through the readout electronic hardware part. Despite the
fact that the surface of the Burmilon thread is not continuous,
as can be seen from the SEM image (Figure 1b), it was found
to be more sensitive to water vapors than Polyneon which
could be explained on the basis of the more synergistic effects
into action between the conducting silver yarn electrodes and
the thread itself. Moreover, at 1 kHz, the capacitance values of
this sensor increased from 4.20 to 10 pF when changing the %
RH from 28 to 78%, while it was increased from 3.81 to 7.73
pF in the case of a Polyneon face mask sensor when increasing
the % RH from 36 to 74%. However, at 10 kHz, for the
Burmilon sensor, the capacitance values increased from 4.04 to
6.66 pF, and at 100 kHz, they increased from 4.06 to 5.62 pF.
Likewise, at 10 kHz, the Polyneon-based sensor showed an
increment of capacitance from 3.86 to 6.21 pF, while it
changed from 3.49 to 4.96 pF at 100 kHz when varying the
humidity conditions. The observed results justified the small
linear change in capacitance with increasing % RH in the high-
frequency region. The capacitance values reported represent
the mean values of the three measurements performed in each
case. The limit of detection (LOD) values for the proposed
sensor at different frequencies are presented in Table 3. The
LOD values are calculated using the formula 3 X SD/S derived
from a linear regression equation where SD is the standard
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Table 3. Limit of Detection (LOD in % RH) Values of Face
Mask Sensors Towards Humidity Detection at Different
Frequencies

face mask sensor LOD at 1 kHz LOD at 10 kHz LOD at 100 kHz
Burmilon 27.41 19.37 11.46
Polyneon 38.65 34.42 29.79

deviation of the intercept and S is the slope from the regression
data.

In the next step of our experiment, the hysteresis
characteristics of the embroidered face mask sensors were
analyzed by performing adsorption and desorption cycles at
100 kHz. The capacitance of the sensors was recorded at each
humidity level in the range from 36 to 78% and back in the
case of a Burmilon-based face mask sensor, while % RH was
varied from 36 to 74% and back in the case of a Polyneon-
based face mask sensor. Figure S3 (SI) shows the adsorption
and desorption properties of the sensors with hysteresis which
justifies the fact that face mask sensors readily adsorb moisture,
while the recovery time and desorption process are low. The
performance of a Burmilon-based sensor was better due to less
hysteresis at lower humidity levels during adsorption and
desorption processes.

3.3. Sensitivity, Stability, and Repeatability of the
Embroidered Face Mask Humidity Sensors. As the next
segment of our research related to the evaluation of the sensing
performance of the proposed embroidered face mask sensors,
sensitivity toward humidity was calculated using the equation S
= AC/ARH where AC represents the change in capacitance
response of the sensor, whereas ARH is the change of RH
values observed by the sensor. Figure 5a and Figure 5b shows
the humidity sensitivity comparison of the two embroidered
face mask capacitive sensors at 1 and 100 kHz, respectively.
The results showed higher sensitivity of the Burmilon-based
interdigitated face mask sensor than the Polyneon sensor
toward humidity measurements. The high sensitivity of the
Burmilon-based face mask capacitive sensor (0.116 at 1 kHz
and 0.052 at 100 kHz) than the Polyneon sensor (0.107 at 1
kHz and 0.039 at 100 kHz) is justified in all the previous data
provided in this paper, which probably can be attributed to a
larger number of surface polar groups on the fiber which
facilitate ion transport and thus adsorption of moisture under
different humidity conditions.

Moreover, Figure 6 corresponds to the stability studies of
embroidered face mask sensors toward humidity. Figure 6a and

6b presents the relative data of the fabricated Burmilon- and
Polyneon-based face mask sensors, respectively, at 1 kHz under
different humidity levels. Figure 6¢ and Figure 6d compares the
sensing characteristics of the two sensors at 10 kHz, while
Figure 6e and 6f reports them at 100 kHz. The capacitance
values were measured three times over a period of 20 min at
each humidity level for each sensor independently at different
time intervals. The capacitive response of the embroidered face
mask humidity sensors was found to be stable and reproducible
with each measurement under different % RH conditions of
52% and 70% in the case of the Burmilon-based sensor and
under 58% and 70% humidity conditions in the case of the
Polyneon-based sensor. The change observed in the humidity
conditions for both sensors was due to the impact of wet
airflow which increased the water adsoption to 58% RH in the
case of Polyneon. Both face mask sensors demonstrated good
stability toward humidity sensing with acceptable relative
standard deviations % RSD = 1.15—6.06 for the Burmilon and
% RSD = 1.95—5.24 for the Polyneon sensors, respectively at
different frequencies. In a recent example of textile-based
humidity sensors, linen and cotton materials were tested
toward moisture detection and their reproducibility at around
19% RH for 160 min."' However, in the present case, the
reason for choosing 20 min and high RH values for this study
was due to the fact that this time frame was able enough for
stable and repeatable measurement of capacitance at different
RH levels.

In addition, the dynamic response of the face mask sensors
was further evaluated by tracking the capacitance of the face
mask sensors at different % RH levels over the span of 80 min
at 10 kHz and at an operating potential of 0.1 V. The sensors
demonstrated an increment in capacitance values with an
increase in humidity conditions while being stable at each
humidity level for 20 min. The capacitive response character-
istics of the embroidered face mask sensors towards humidity
measurements are shown in Figure 7, justifying repeatable
performances.

3.4. Real-Time Sensing Properties of Fabricated Face
Mask Sensors. Real-time properties of the fabricated face
mask sensor were determined using the Burmilon-based
sensor, considering its better sensing performance. Respiration
rate monitoring of two healthy male volunteers was performed.
Hioki IM3590 was connected to the laptop with installed
control software (LCR Meter Sample Application ver. 1.3.4.0)
provided by the Hioki, available at the official Web site."’
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Figure 9. Observed % relative humidity changes during human respiration of (a) volunteer 1 and (b) volunteer 2.

Capacitance data sampling was performed 90 times per second
at a testing frequency of 1 kHz. All volunteers signed informed
consents before the data acquisition. Volunteers were initially
instructed to sit and to rest for about 2 min. Data recording
started with an initial few seconds of breath holding, which was
followed by normal breathing for one minute. The respiration
rate (breaths per minute (bpm)) was confirmed by physical
assessment (counting by the subject as well as the supervising
researcher). As can be seen from Figure 8, the breathing rates
(of 15 and 18 bpm) were successfully registered.

Respiration rates from 12 to 20 bpm are in general
considered as common for healthy adults.”” It is clear from
Figure 8 that the obtained respiration rates with our sensor (15
bpm and 18 bpm) are in the expected range, as there are other
reported ranges of 19 bpm®® and 17 bpm.”” Using the equation
for the linear fit (Figure 4) at 1 kHz, Y = 0.08865X + 1.211
(where X is relative humidity in % and Y is capacitance in pF),
and taking into consideration the measured values as shown in
Figure 8, the obtained relative humidity changes during the
human respiration are shown in Figure 9 which shows the
utility of our prepared sensor for practical applications of
respiration monitoring.

3.5. Study of Washability. Washing studies of the face
mask sensors were performed in the absence of humidity
conditions. The capacitance of the Burmilon-based face mask
sensor was recorded at normal room conditions and then
compared with the capacitance obtained after its washing
(Figure S4, SI). Washing of the face mask sensor was
performed using lukewarm water at a recorded temperature
of 35 °C followed by drying at room temperature. The process
was followed three times, and the performance of the sensor
was recorded in an ambient atmosphere. The idea behind
washing the sensor was to relate its humidity sensing
performance and reusability after wetting and drying in normal

44936

atmospheric conditions. The results clearly reveal a slow but
steady decrease in its capacitance with an increase in
frequency. However, a nominal decrease in its capacitance
values was observed after its washing. The baseline capacitance
values without humidity conditions at 1, 10, and 100 kHz were
measured as 3.59 pF, 3.50 pF, and 3.46 pF, respectively, which,
however, after washing decreased to 3.29 pF, 2.71 pF, and 2.3
pF. The observed results manifested that there was no
significant change in the capacitance values of the interdigi-
tated face mask sensor even after washing, and the electrical
properties of the conductive silver-coated polyamide yarn
remained intact. The study motivated the use of textile-based
conductive threads to fabricate electrical sensors for various
applications. Further, it was justified that the fabricated face
mask could be applied for use in normal environmental
conditions.

4. CONCLUSIONS

This paper aimed to develop an innovative design of a
humidity sensor based on textile threads embroidered on face
masks as substrates. The methodology employed to fabricate
the sensor took advantage of the high conducting nature of
silver-coated polyamide threads to embroider interdigitated
electrodes and polyester-based hygroscopic threads, which
responded to the change in moisture levels by changing the
dielectric and permittivity properties of the embroidered
design which acted as a capacitor. Individual performances of
interdigitated finger face mask sensors filled with different
polyester threads were evaluated and then compared to their
ability to detect water molecules under different humidity
conditions. The study presents the first use of polyester threads
as embroidered dielectric sensing material for moisture
detection, using face mask as a substrate. High sensitivity
and capacitive trends of embroidered interdigitated face mask
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sensors in the present paper were found in accordance with the
literature and with the proof-of-concept capacitive humidity
measurements. The present work successfully demonstrated
potential utilization of the embroidered face mask sensor in
various humidity-monitoring applications, including human
respiration (breathing rate and relative humidity changes). It
also opened new avenues to develop several other textile
sensors using sensitive fibers and substrates. Additionally, the
proposed idea can be used on recycled textile face masks,
giving them new useful roles and protecting our environment
as well. The presented face mask prototype will be applied to
detect volatile organic compounds (VOCs) in our future work.
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