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ABSTRACT: In this work, we develop a wireless sensor-integrated face mask
using Au@SnO, nanoparticle-modified conductive fibers based on augmented
reality (AR) technology. AR technology enables the overlay of real objects and
environments with virtual 3D objects and allows virtual interactions with real
objects to create desired meanings. With the help of the AR system, the size of
the mask could be precisely estimated and then manufactured using 3D printing
technology. The body temperature sensor and respiratory sensor were
integrated into the mask so that vital parameters of the human body could be
continuously monitored without removing the personal protective equipment.
Furthermore, the outer part of the mask consists of conductive fabric modified
with Au@SnO, core—shell nanoparticle additives, which enhanced the filtration
efficiency of airborne aerosols. A significant improvement in the filtration

efficiency of particulate matter 2.5 was observed after applying an external
voltage to the conductive textiles. A smartwatch with a heart rate sensor was paired with the mask to display sensor data on the mask
through wireless transmission. Therefore, this sensor-integrated mask system with AR technology provides the first line of defense to

combat global threats from pathogens and air pollutants.

1. INTRODUCTION

The coronavirus (COVID-19) pandemic imposed extraordi-
nary requirements on the health system, resulting in higher
risks of infections associated with the health system (HAI)."”
Unfortunately, the burden of personal protective equipment
(PPE), such as face masks, eyewear, and isolation gowns,
restricts real-time monitoring of body temperature, respiratory
rate, and other vital parameters. Therefore, developing a
biosensor-integrated face mask could reduce the risk of
infections associated with the health system because front-
line clinicians do not need to remove the PPE to measure vital
signs.

To address the above-mentioned problem and improve the
safety of healthcare workers, various smart masks and smart
textiles have recently been developed.”~” Other types of
functional masks have been reported in the literature, including
masks with self-sterilizable air filters,” masks with dry heat
sterilization,” and a machine learning variable pore mask."’
However, they usually have limited functions or can only
detect a certain target analyte.'' ~'* Furthermore, the size and
shape of these advanced masks could not be easily adjusted
according to the user. In general, a 3D scanner and other
complex instruments are required to obtain the features of the
human face to make custom masks.'” To overcome this
problem, the architecture of the face mask was personalized in
augmented reality (AR) for adults and children in this

© 2022 The Authors. Published by
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research.'®'” Different ratios of the human skull and the
thickness of the buccal fat were considered at different ages.
Virtual head models enable the simulation of mask adaptation
in adults or children in the mobile AR system. Subsequently,
the mask was manufactured using 3D printing technology.'®

The sensor-integrated mask system consisted of two parts.
The outer part was the conductive fabric modified with
inorganic nanoparticle additives, a type of photocatalyst and
charge enhancer that could generate free radicals to maintain a
self-cleaning surface.””™>* In this work, nontoxic Au@SnO,
core—shell nanoparticles were used as a charge enhancer.”**
The reason is that the electrostatic interactions between fine
particles and conductive fabric can be improved if Au@SnO, is
used as an electret.”*® Since most dust particles (e.g,
particulate matter 2.5, PM 2.5) and microbes are electrostati-
cally charged””*® and can be attracted by conductive fabric if a
voltage is applied to it.””~** This improvement can be further
enhanced under biased external conditions, leading to higher
filtration efficiency in PM2.5.
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Figure 1. (a) Schematic representation of the device and the PM 2.5 sensor designed to measure the filtration efficiency of the conductive fabric.
(b) Flowchart of the sensing part of the intelligent mask. Integration of sensor measurements into the mask and wireless synchronization of them
with the smartwatch. (c) Virtual simulation of masks worn by a child and an adult. (d) Preview of the mask-wearing on a male face in AR.

The inner part of the mask consisted of an electronic
microcontroller with two sensors, a temperature sensor and a
respiratory sensor to monitor body temperature and
respiratory rate. The microcontroller then integrated and
wirelessly transmitted the data to the smartwatch. In
conjunction with the photoplethysmography (PPG) sensor
on the smartwatch, the vital parameters information could be
collected at one time and displayed through the organic light-
emitting diode (OLED) displayer on the smartwatch. PPG is a
noninvasive technology that measures blood flow volume usin
an optical source and a photodetector on the skin surface.’
Therefore, the intelligent mask not only improved protection
by using conductive fabrics and nanoparticles but also
integrated various sensor systems for real-time sensing without
removing the mask.

2. MATERIALS AND METHODS

2.1. Chemicals. Gold chloride (HAuCl,-3H,0, 99.9%),
sodium stannate (Na,Sn,05-3H,0, 95%), Nafion, isopropyl
alcohol (IPA), and trisodium citrate (C4HNa;0,-2H,0, 99%)
were purchased from Sigma-Aldrich. The conducting fabrics
were purchased from Composite Hybrid International Co.,
Ltd. The DN7C3CA007 IR dust sensor (PM 2.5 sensor) was
purchased from Sharp, Japan. The thermoplastic polyurethane
(TPU) was from Ever 3D, Taiwan. The LM35DZ temperature
sensor was purchased from Texas Instruments, USA.

2.2. Synthesis and Characterization of Au@SnO,
Core—Shell Nanoparticles. The suspension of Au nano-
particles with an average particle diameter of 15 nm was first
prepared using a citrate reduction method according to the
previous report.”> The SnO, layer on the Au nanoparticles was
then carried out using a chemical precipitation method.”* § mL
of Na,Sn,0; solution (40 mM) was added to 150 mL of Au
nanoparticle suspension. The mixed solution was stirred at 75
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°C for 20 min and then naturally cooled to room temperature.
Subsequently, the reaction solution was centrifuged and
washed 3 times with deionized water to collect the Au@
SnO, core—shell nanoparticles. Scanning electron microscopy
(SEM) images were taken with a Hitachi SU-8010 microscope.
Transmission electron microscopy (TEM) images were taken
with a JEOL JEM-F200 microscope. X-ray diffraction (XRD)
patterns were recorded on a Bruker D2 PHASER diffrac-
tometer.

2.3. Modification of Conductive Fabrics with Au@
SnO, Nanoparticles. To improve PM 2.5 filtration efficiency,
Au@SnO, nanoparticles were coated on the conductive
fabrics.” The nanoparticles (5 mg) were first dispersed in a
solution comprising 1 mL of IPA and 50 uL of Nafion. The
conductive fabric was trimmed into a rectangle 2.5 cm in width
and 2.5 cm in length. The Au@SnO, suspension was
ultrasonicated for 10 min. Subsequently, the conductive fabric
was soaked in suspension for 3 h. Subsequently, the modified
conductive fabric was removed and heated to 50 °C until all its
adsorbed liquids were dried. As shown in Figure S1-2 (SI-1,
SEM images of Au@SnO, modified conductive fabric), the
introduced Au@SnO, nanoparticles were integrated with the
fiber bundles with the fiber surface covered with many Au@
SnO,.

2.4. Measurement of PM2.5 Particles. To measure the
filtration efficiency of the conductive fabric, we designed a
device with both ends open and a PM 2.5 sensor in the
middle.*® PM for testing were produced from burning
incense.””** Most PM generated by burning incense would
pass through (or adsorbed on) the conductive fabric and then
through the PM 2.5 sensor so that we could evaluate the ability
to block PM 2.5 between the different conductive fabrics.*”*’
The design of the device hardware is shown in Figure la.
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Figure 2. Workflow for building an AR system.

In the PM 2.5 sensor (DN7C3CA007 IR dust sensor), there
was a pair of built-in infrared red (IR) emitters and receivers in
this sensor. When air particles passed through the sensor, the
fan screened PM 2.5, which had smaller inertia, and divided it
into different channels to eliminate interference from other
particles. Consequently, PM 2.5 particles scattered the IR light
source generated by the IR emitter, thus attenuating the light
that the IR receiver receives. After amplification, the signal was
sent to Arduino for calculation, and we could obtain the PM
2.5 concentration by analyzing the different attenuating levels
of the IR signal."'

2.5. Fabrication of the Smartwatch System. Figure 1b
shows the design of the smartwatch paired with the mask. The
smartwatch was built with the Max30102 heart rate sensor,
microcontroller, and the NRF24L01+ wireless transmission
module. The microcontroller received the data from the
thermistor and respiratory sensor and then transmitted the
signals through the wireless transmission module
NREF24L01+.** Subsequently, the signals were integrated and
displayed on the 0.96-in. OLED screen.

2.6. Wireless Transmission. Arduino pro mini, a tiny
microcontroller, was used to integrate the temperature and
respiratory sensors. After collecting and calculating, we sent the
processed data to our smartwatch with the wireless trans-
mission module NRF24L01+, which has 126 channels from 2.4
to 2.525 GHz, and each channel can accommodate up to six
lines. Therefore, multi-to-one wireless communication can be
achieved. Communication between transmitting and receiving
modules can be carried out by establishing the same channel.
In this study, we used a pair of transmission modules to send
the processed data from our mask to the smartwatch. The
flowchart for this is shown in Figure 1b, as mentioned above.

2.7. 3D Printing of the Face Mask. In this work,
‘Tinkercad’, an online software, was used to design and create
3D face masks and human models (adult and child). The 3D
structure of the face mask was designed on the concept of a gas
respirator. After finishing the scripts in Tinkercad, we saved
them as STL files, and we could use these STL files to make
AR models (Figure lc,d). After adjusting and customizing the
mask size in the AR system, we exported the final STL file to a
3D printer to build the mask architecture. In this study,
thermoplastic polyurethane (TPU) was chosen as the mask
architecture material, as it was flexible and durable, making it
suitable for contacting the faces without scratching them.”
The temperature sensor was installed in the face mask. Details

of the calibration of the body temperature sensor and the
optimization of the breathing rate sensor are provided in the
Supporting Information (SI-2, The calibration of the body
temperature sensor; SI-3 The optimization of the breathing
rate sensor; SI-4 Collection of voltage signals caused by
respiration; SI-S Eliminating noise from body movement). The
STL file was imported into a continuous filament writing 3D
printer (INFINITY3DP NEW X1) to fabricate the face mask.
After several tests, the face mask was successfully printed.

2.8. Preparation of the AR System. To import 3D
models into the mobile XR system, the mobile XR app
(RISAR, Mifly, Taiwan) was installed on a personal
smartphone. The workflow to integrate 3D mask models into
the AR system is shown in Figure 2. First, STL models were
designed in Blender software using computer-aided design
(CAD) technology, rendering those 3D models with proper
colors. Second, STL models were converted to OBJ models
and imported into the AR system. Next, logic programming
was coded in the AR system, for model interactions, such as
zoom and rotation, to each model. Finally, the scene was sent
to the mobile XR app, and the user’s smartphone demonstrates
the AR. Note that a similar workflow could also be applied to
other types of AR or VR headsets. From the QRcode, the mask
models could be observed in the demonstration video. Taking
into account the different ratios of the human skull and the
thickness of the buccal fat at different ages, we also used digital
head models of children and adults to present the custom-
izability of the masks in the mobile AR system.

3. RESULTS AND DISCUSSION

3.1. Design and AR System of the Sensor-Integrated
Mask. In the past, the traditional display of 3D structures with
2D images exposes many disadvantages, such as losing a lot of
3D structure information, difficulty showing customization
capabilities, and hardly imagining the situation of people
wearing masks. To apply complete 3D structural information,
customization feasibility, and intuitive operation to simulate
the appearance of wearing a mask, the exploded view of the
sensor-integrated mask is shown in Figure lc using mobile
extended reality (XR) technology. Figure 1c shows the virtual
faces of an adult and a child wearing the 3D printed sensor-
integrated mask. The tightness of the masks was examined.
The virtual simulation showed that if the child’s mask was
directly miniaturized from the adult’s mask, there was an
interspace between the face and the mask. Therefore, the shape

https://doi.org/10.1021/acsomega.2c04655
ACS Omega 2022, 7, 42233-42241


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04655/suppl_file/ao2c04655_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04655/suppl_file/ao2c04655_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04655/suppl_file/ao2c04655_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04655/suppl_file/ao2c04655_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04655?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04655?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04655?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04655?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

(@) 9V Battery

Micro Controller

Mask shell ‘
Piezoelectric ——— — l ——Thermistor
patch
(b) Mask shell

Micro Controller

Piezoelectric  Thermistor
patch

9V Battery

© Mask shell
Face mask
Case Conductive
" fabric
For

Mask strap

(d)

o

1cm

Figure 3. (a) Schematic representation of the structure of face masks (top view). (b) Schematic representation of the structure of the face masks
(side view). (c) Mask shell structure and breathing case. (d) Front view and side views of the face mask.

of the children’s mask must be adjusted and redesigned. After
redesigning, the tightness was much higher than the initial.
Figure 1d shows the virtual image of the sensor-integrated
mask on a male. A screen recording of an iPhone demonstrates
the experience of the AR system (supporting video or QR code
in Figure 2).

3.2. Structure of the Sensor-Integrated Mask. The
structure of the sensor-integrated face mask is shown in Figure
3. There is an inhalation valve (case) to adjust airflow. This
design was inspired by animal noses. Many animals have a
strong sense of smell, which is generated by chemical
molecules in the flow of air in the nostril cavity."* A longer
airway creates more surface within the snout of an animal and
more distance and time for odors and particles to travel,
reacting with the odor receptors and chemical sensors, in the
nostril cavity. Meanwhile, the longer air path can maintain the
temperature of the air entering the body. This also increases
the probability that the particles are filtered inside the nose’s
surface, which may be detected by the smell receptor.
Therefore, the size of the intelligent mask was slightly larger
than that of the medical masks, creating a longer air path to
facilitate filtration and creating a chamber for installing the
temperature sensor, the respiratory sensor, and the electronic
microcontroller (Figure 3a,b). The temperature sensor was
leaned on the cheek, and the respiratory sensor was in front of
the nose. When an individual wears the mask, the micro-
controller collects body temperature data in the center and
wirelessly transfers them to the smartwatch. Although this is
designed as a reusable mask, nanoparticle-coated fabrics still
need to be changed or disposed of after a certain time. As a
result, a square-case structure was designed on the front part of
the mask.

Figure 3c shows the structure of a breathing case in which a
conductive fabric with a layer of Au@SnO, nanoparticles is
placed on the front part of the face mask. Air flew from the
environment to the mask, so the conductive fabric could
absorb PM2.5 or microbes that pass through the mask. This
case allows for the replacement of conductive fabrics when
they are completely absorbed by microparticles of air pollution
or microbes from patients.

Figure 3d shows a photograph of the 3D-printed face mask.
The printed mask was made of TPU, a flexible polymer that
could fit the faces while adding two traps to it. The face mask is
manufactured by fused deposition modeling (FDM), which is a
3D printing process that uses continuous filaments of
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thermoplastic materials as ink. In this process, the filament
was delivered from a large spool through a moving and heated
print extruder head and deposited in the growing work. The
head of the extruder is moved under computer control to
define the printed form.

3.3. Characterization of Au@Sn0O, Core—Shell Nano-
particles. In this work, Au@SnO, core@shell nanoparticles
were introduced into the conductive fabric. Figure 4 shows the
microstructural characteristics and crystallographic structure of
the Au@SnO, synthesized. The SEM image of Figure 4a first
revealed dense staking of the nanoparticle assembly with an
average particle diameter of 35.8 nm. The TEM image of
Figure 4b further confirmed the core@shell structure for Au@
SnO,, in which the inner region of the high image contrast was
composed of Au, while the outer region of the low image
contract comprised SnO,. The size of the Au core was 15.0 +
1.5 nm, while the thickness of SnO, was 10.4 + 1.6 nm. In
Figure 4c, the corresponding XRD pattern further verified the
compositions of fcc Au and tetragonal SnO, for Au@SnO,.

3.4. Filtration Efficiency of Modified Conductive
Fibers with Nanoparticles. To study the efficiency of
filtration, pristine conductive fabric and fabric modified with
Au@SnO, were tested and compared under nonbiased (0 V)
and applied biased conditions (3.3 V). The air from burning
incense full of PM2.5 and microparticles flew through the
fabric at 0 s. Subsequently, the IR-based PM2.5 sensor was
placed on the other side of the fabric to evaluate the filtration
efficiency. Comparative results are shown in Figure 4c. The red
and blue lines represent the results of a pristine conductive
fabric under 0 and 3.3 V. Yellow and green are the results of
the use of conductive fabric modified with Au@SnO, at 0 and
3.3 V. Several important points can be concluded. First, the
application of bias can effectively improve the filtration
efficiency of the conductive fabric with respect to PM2.5.
This improvement can be attributed to the development of an
electric field and static electric charges in the conductive fabric
under bias conditions. Second, a significant improvement in
filtration efficiency can be achieved by modification with Au@
SnO, nanoparticles. For Au@SnO,, the Fermi level equili-
brium between Au and SnO, would increase the bend on the
surface of the SnO, shell.” This electronic regulation effect
could increase the number of positive charges on the surface of
SnO,, further improving the electrostatic interactions between
fine particles and the conductive fabric.*® Therefore, a higher
filtration efficiency was obtained. Third, a nearly 100%
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Figure 4. (a) SEM image, (b) TEM image, and (c) corresponding
XRD pattern of Au@SnO, nanoparticles. In (c), the patterns of
reference tetragonal SnO2 (JCPDS no. 01-0657) and reference fcc Au
(JCPDS no. 01-1172) were also included for comparison. (d)
Measurement of the concentration of PM 2.5 concentration (ug/m®)
using an IR-based sensor after introducing the burning incense air
began at 0 s. The lime and green lines represent the results of only
using the carbon conductive fiber without Au@SnO,; The dark and
light red lines represent the use of the conductive fiber with Au@
SnO,.

filtration efficiency could be achieved on conductive fabric
modified with Au@SnO, under 3.3 V. Under bias conditions,
the degree of surface band bending in Au@SnO, could be
enhanced. The imparted charges on the fabric and the
enhanced surface charge at Au@SnO, can then cooperate,
leading to a greatly improved filtration efficiency."”

3.5. Integration of Body Temperature Sensors into
the Face Mask. In this investigation, LM35DZ, a
thermosensor that could directly measure the temperature on
the Celsius scale as a body temperature sensor, was used. The
built-in thermal resistance and the inside voltage sensing circuit
allowed it to sense between 0 and 100 °C with +1/4 °C
accuracy at room temperature without additional calibration
processing. Within the working voltage, the current consumed

by the chip was only S0 uA, so we assumed that heat
dissipation by this chip could be ignored according to the
description of the datasheet. When the user puts on the mask,
the temperature sensor should contact the skin of the cheek
directly and transmit the body temperature to the micro-
controller inside the mask.

3.6. Integration of the Respiratory Rate Sensor into
the Face Mask. The respiratory rate is an important indicator
of the reflected physical state of the human body. To measure
the breathing frequency of the patient or healthcare workers,
we used a ceramic piezoelectric patch to detect a change in air
pressure. The ceramic piezoelectric patch is a small round
patch made of piezoelectric materials that generate voltages
when it vibrates. When the force on the piezoelectric materials
is applied, their deformation forces the positive and negative
ions inside to move around to resist the change, thus creating
different electric potentials on the opposite sides of the
materials.*® Its response to force changes sensitively, including
the vibration caused by air pressure. Therefore, we put a
ceramic piezoelectric patch inside the mask near the nose to
convert the vibration signal induced by the respiratory into the
respiratory signal of the user.

During the respiratory period, all inhalations and exhalations
generated vibration signals, and we collected them by forming
a voltage divider circuit between the ceramic piezoelectric
patch and the general-purpose input/output (GPIO) of the
microcontroller. However, this signal was mixed with noise
from user movement. Therefore, signal processing was applied
to reveal the actual respiratory signal. The first step was to set
up a threshold to filter out some noise that was too small
compared to the signal generated by breath. After that, we
calculated the first derivation of the signal and deleted the
values that were too big, which were caused by the sudden
huge vibrations of the sensor. Consequently, the respiratory
rate could be calculated with these filtered signals. The
flowchart for the measurement of respiratory rate and signal
before and after filtering is shown in Figure Sa. The
optimization of the respiration rate sensor is in “SI-3 The
optimization of the breathing rate sensor”.

3.7. Multifunctional Smartwatch. To display physical
data and integrate real-time sensors, the smartwatch was
designed to pair with the sensor-integrated mask. The
smartwatch comprises a microcontroller, a wireless trans-
mission module, a photoplethysmography (PPG) heart rate
sensor, and an OLED screen. The smartwatch could display
body temperature and the respiratory rate received from the
temperature sensor and the respiratory sensor embedded in the
face mask through the wireless transmission module
(NRF24L01+). These data were encoded and processed
through the microcontroller and finally displayed. In addition
to the information from the sensors, the OLED screen on the
smartwatch allowed the user to check the time and could have
customized functions, such as showing a certain picture.

3.8. Heart Rate Sensor on the Multifunctional
Smartwatch. The heart rate sensor was manufactured using
the Max30102 module for the measurement of PPG on the
skin surface, with the advantages of portability, miniaturization,
and robustness. PPG provides important information about the
human cardiovascular system. In photoplethysmography, when
low-intensity infrared (IR) light from light-emitting diodes
passes through biological tissues, it is absorbed by bones, skin
pigments, venous blood, and arterial blood. Subsequently, the
photoreceptor will transfer the photonic signal to the voltage.
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Figure 5. (a) Chart for the flowchart for the calculation of the respiratory rate. (b) Breathing waveform before and after filtering. (c) Body
temperature measured by sensor-integrated mask. (d) Heart rate was measured using a sensor-integrated smartwatch. (e,f) Breathing waveform
before and after exercise. (gh) Respiratory rate before and after exercise.

The voltage signal of the PPG is proportional to the amount of

blood flow in the blood vessel associated with cardiac activity.
Raw signals are sent to a series of filters to remove unwanted
frequency components and analyzed with the short-time
Fourier transform (STFT).*™>' Therefore, cardiovascular

information could be obtained, including heart rate.

3.9. Sensors and Display on the Smartwatch. Figure 5
shows body temperature, respiratory rate, and heart rate
measured by the sensor-integrated face mask and the
smartwatch. In Figure S, the physical state of a person was
monitored before and after exercise. Before the exercise, the
subject was working in front of a personal computer. His
respiratory rate remained within an interval of about 15 to 20
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times per minute. However, when the person started
exercising, his respiratory rate increased significantly to over
60 times per minute, which was much faster than before
exercising. Finally, Figure 6 shows the multifunctional
smartwatch.

Figure 6. (2) Photograph of the smartwatch and the PPG sensor. (b)
Photograph of the smartwatch with a 3D printed case. (c—e) Display
panel showing time, heart rate, and temperature.

4. CONCLUSIONS

In conclusion, we develop a wireless temperature and
respiratory sensor-integrated face mask based on augmented
reality technology and 3D printing. Vital parameters of the
human body could be continuously monitored without the
need to remove personal protective equipment. Furthermore, a
significant improvement in the filtration efficiency of PM 2.5
was also achieved using Au@SnO, nanoparticle-modified
conductive fibers when an external voltage was applied. A
smartwatch with a heart rate sensor was paired with the mask
to display sensor data on the mask through wireless
transmission. Finally, this sensor-integrated mask system
provides the first line of defense to combat global threats
from pathogens and air pollutants.
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