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Real-time monitoring of respiratory health is increasingly critical, particularly in addressing global health
challenges such as Corona Virus Disease 2019 (COVID-19). Smart masks equipped with biosensing
mechanisms revolutionize respiratory health monitoring by enabling real-time detection of respiratory
parameters and biomarkers. In recent years, significant advancements have been achieved in the
development of smart masks based on different sensor types with high sensitivity and accuracy, flexible
functionality, and portability, providing new approaches for remote and real-time monitoring of
respiratory parameters and biomarkers. In this review, we aim to provide a comprehensive overview of
the current state of development and future potential of biosensing smart masks in various domains.
This review outlines a systematic categorization of smart masks according to diverse sensing principles,
classifying them into six categories: electrochemical sensors, optical sensors, piezoelectric sensors, and
others. This review discusses the basic sensing principles and mechanisms of smart masks and describes
the existing research developments of their different biosensors. Additionally, it explores the innovative
applications of smart masks in health monitoring, protective functions, and expanding application
scenarios. This review also identifies the current challenges faced by smart masks, including issues with
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DOI: 10.1039/d5mh00279f sensor accuracy, environmental interference, and the need for better integration of multifunctional

features. Proposed solutions to these challenges are discussed, along with the anticipated role of smart

rsc.li/materials-horizons masks in early disease detection, personalized medicine, and environmental protection.

Wider impact

A significant development in this research area is the integration of multiple biosensing technologies into smart masks, the classification of smart masks
according to the detection principle, and the real-time monitoring of respiratory parameters and biomarkers. The application of these technologies expands the
function of masks from pure protection to health monitoring. This field is of great significance for two principal reasons. Firstly, within the domain of health, it
can detect diseases such as lung cancer and cardiovascular at an early stage, thereby facilitating early intervention for patients. Secondly, in the context of
environmental monitoring, it can detect harmful gases and microorganisms, thus ensuring the safety of the living environment. This is of far-reaching
significance for both personal health and public health. In the future, the field will evolve towards enhancing the performance of sensors and the integration of
masks to ensure more accurate and comprehensive monitoring. Furthermore, there will be an emphasis on improving wearing comfort and safety. This review
provides research and development ideas in materials science to assist in the development of highly sensitive, stable and biocompatible sensing materials.

exhalation.” During the COVID-19 pandemic, masks signifi-
cantly inhibited the spread of the virus and greatly protected

1. Introduction

The global Corona Virus Disease 2019 (COVID-19) pandemic
has significantly increased the reliance on masks as an essen-
tial tool for reducing viral transmission.™” Traditional masks
primarily serve protective roles by filtering harmful particles
such as viruses, bacteria, and dust,® while also enabling cleaner
air intake® and reducing the spread of droplets during
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lives.®® However, the focus on protection alone has highlighted a
gap in personal health monitoring, prompting the emergence of
smart masks. Equipped with advanced biosensors, smart masks
extend beyond basic protection, offering real-time, non-invasive
monitoring of respiratory health. With increasing focus on personal
health and safety, smart masks integrated with advanced biosen-
sors present a promising solution for real-time and non-invasive
monitoring of respiratory parameters® and biomarker detection in
exhaled breath,'®™* offering real-time, non-invasive monitoring of
respiratory health. These smart masks are not only designed for
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filtering contaminants but also incorporate functionalities such
as sel’f—powering,l‘l’15 eco-friendliness,'®” antibacterial,"**° and
antiviral**2® properties, which enhance their potential applications
in early disease warning,”*® health monitoring,**® environmental
tracking,® and more.

Despite the promise of smart masks, existing technologies for
detecting respiratory biomarkers have been limited by the need
for specialized, bulky equipment typically found in clinical
settings. These traditional methods require hospital visits,
restricting their frequency and accessibility. This limitation
underscores the pressing need for portable, intelligent testing
devices that can offer continuous, real-time health monitoring.
Recent advancements in smart mask technology have addressed
these challenges by integrating biosensing technologies capable
of detecting various biomarkers directly from exhaled breath,
offering a non-invasive approach for tracking respiratory health.
These innovations enable the early detection of diseases such as
COPD,?”*° cardiovascular disease,*'”* and asthma,**™° making
smart masks a powerful tool for health management.

As with previous works, these reviews have summarized the
applications on materials,*® storage devices,®” and health mon-
itoring of wearable devices.*® The current paper focuses on
sensing principles and innovations of smart masks. We aim to
provide an in-depth exploration of the biosensing mechanisms
behind these devices, emphasizing their role in real-time respira-
tory monitoring. We will discuss the main sensing technologies,
such as electrochemical, optical, piezoelectric, and bioaffinity
sensors, and examine their respective strengths and limitations.
In this review, we also highlight recent advances in smart mask
functionality, including the integration of self-powered systems
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and dosimetry capabilities. The review will also explore the
expanding applications of smart masks, from early disease detec-
tion to environmental monitoring, and discuss the challenges
faced in scaling these technologies for widespread use. Finally, we
will consider the prospects of smart masks as wearable health
devices, addressing both the technological hurdles that need to be
overcome and the wider societal impact that these innovations
may have on healthcare and environmental safety.

2. Health monitoring process

This section focuses on the health monitoring process in smart
masks. Fig. 1 visually captures the mechanisms behind smart
masks—from biomarker detection to sensing technologies and
finally, the signal output. These devices transform biological
signals into actionable health data that can be monitored and
analyzed through digital platforms, providing users with con-
tinuous, real-time insights into their respiratory health. The
integration of these sensing methods offers a less invasive
alternative to traditional diagnostic tools, enabling early disease
detection and personalized healthcare monitoring. By explaining
these mechanisms in the text, the functionality of smart masks
becomes clearer, showcasing their potential in health monitor-
ing, protective functions, and broader applications for persona-
lized health management and environmental monitoring.

2.1 Respiratory biomarkers

The human body releases a variety of biomarkers during
respiration, including volatile organic compounds (VOCs),*
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Overview of the health monitoring process in smart masks. This schematic was created with BioGDP.
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semi-volatile organic compounds (SVOCs),** various types of
gases (oxygen,'' carbon dioxide,*> ammonia,* etc.), exhaled
breath condensate (EBC),** proteins,*® and viruses,*® among
others.”” With growing health awareness, detecting biomarkers
via smart masks is emerging as one of the most direct and
effective diagnostic methods. Illnesses can alter physiological
indicators, leading to changes in the composition of respiratory
gas. The detection of these components in exhaled breath is
important for real-time monitoring of human health, as it pro-
vides a non-invasive method of assessing the physiological state of
the body. These biomarkers change in concentration as a
response to physiological changes or diseases, and their detection
offers valuable insights into health status, making them critical
for health monitoring (e.g., diagnosing lung diseases, kidney
dysfunction, or even viral infections). Table 1 summarizes smart
masks for biomarker and disease monitoring. Smart masks serve
as an alternative, less invasive diagnostic method compared to
traditional testing procedures, offering real-time, continuous
monitoring. As shown in Table 1, the detection of VOCs and
SVOCs is critical for diseases such as lung cancer, with smart
masks like polyurethane foam face masks and fabric masks
designed to measure these biomarkers at low concentrations.
The polyaromatic hydrocarbons and ethanol biomarkers, which
are associated with diseases like lung cancer, gastric ulcers, and
pancreatitis, are detectable with a variety of smart masks, includ-
ing polyurethane-based face masks and room-temperature etha-
nol sensors. Table 1 also introduces other advanced monitoring
systems, such as the exhaling-oxygen-sensing mask, which plays a
crucial role in diseases like COPD, asthma, and other pulmonary
conditions by tracking oxygen levels, a vital indicator of lung
function. Moreover, bioelectronic masks are mentioned, which
are used for detecting surface proteins of viruses, providing a
means for monitoring viral infections like respiratory diseases,

Table 1 Overview of smart masks for biomarker and disease monitoring
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and enabling real-time detection of viral markers. In terms
of disease diagnosis, the smart mask provides a less invasive
alternative to traditional diagnostic methods. Advancing
research on biomarkers and their detection methods could
enable more precise early disease diagnosis and effective perso-
nalized treatments.

2.2 Sensing method

Miniaturizing biosensors integrated into masks is crucial for non-
invasive, realtime, on-site detection. These sensors are typically
placed under the nose or embedded within the mask. To ensure
accurate and rapid biomarker detection, these sensors require high
sensitivity, selectivity, resistance to environmental interference,
long-term durability, fast response times, and low detection
limits. Biosensors in most smart masks are primarily based on
electrochemical, optical, piezoelectric, bioaffinity recognition,
temperature-sensing, and humidity-sensing mechanisms®” (Fig. 2).

Electrochemical sensors detect potential differences between
electrodes, enabling them to classify into potentiometric sen-
sors, which measure changes in electrode potential due to redox
reactions, and amperometric (current) sensors, which monitor
current variations during redox reactions at a fixed potential.
These sensors offer high sensitivity, real-time monitoring, and
adaptability for miniaturization, making them suitable for wear-
able designs.***® However, their electrodes are fragile, and
external factors can easily affect the signal stability. Optical
sensors, including fluorescence detection, are commonly
employed for virus detection, where biomarkers are quantified
by measuring fluorescence intensity at a specific excitation
wavelength.®>®* Although affordable and simple to use, optical
sensors are susceptible to background fluorescence interference
and quenching effects. Additionally, colorimetry sensors utilize
biochemical or hydrolytic reactions between gas molecules and

Biomarkers Related diseases Type of mask LOD Functionality limitation Ref.
VOCs and SOVs Lung cancer Polyurethane — Dosimeter Complex analysis 48
foam face masks process
Polycyclic aromatic Lung cancer Fabric masks 0.04 ng m* Dosimeter Affected by the 49
hydrocarbons 0.02-0.04 ng m > environment
0.03-0.05 ng m >
0.03-0.06 ng m >
0.05 ng m~>
ETS Lung cancer Polyurethane- 0.20 mg m Sampling medium Single-substance 50
based face mask 5.2 mg m? detection
Ethanol Cirrhosis, gastric ulcer, Room-temperature 10 ppb DUI monitoring Cross-sensitivity 51
pancreatitis ethanol sensor
CeH1,06 Diabetes Mask-based 0.1 pM Blood glucose testing Interference with 52
printing detection accuracy
electrodes
NH; Chronic kidney disease Respiration 1 ppb Biomarker monitoring Biomarker specifi- 53
sensor city issues
NH3; volatile sulfur Kidney disease Flexible waste 100 ppb Human and environmental Cross-sensitivity 54
compound (VSC) mask sensors ammonia monitoring
0, Chronic obstructive pulmonary Exhaling-oxygen- — Assessment of pulmonary Individual differ- 55
disease (COPD), asthma and  sensing mask oxygenation capacity ences affect
other lung diseases
Surface proteins of Viral infections, respiratory Bioelectronic 0.1 fgmL ™" Multi-target simultaneous Insufficient clinical 56
viruses infections masks detection validation
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Fig. 2 Sensing mechanisms for sensor masks including electrochemical sensing, optical (fluorescence, colorimetric, etc.), piezoelectric sensing,

bioaffinity recognition sensing, and temperature sensing.

color-changing reagents to produce a visual signal.®*"®* Similar
to fluorescence detection, colorimetry is accessible and easy to
use but suffers from limitations in sensitivity and precision,
particularly for multi-component quantitative analysis.

Piezoelectric sensors detect airflow pressure during breathing,
which deforms the material and displaces charge centers, generating
an electrical charge on the surface.®®* These sensors are reliable for
detecting respiratory signals with high sensitivity and reprodu-
cibility, though their detection limit tends to be higher. Bio-
affinity recognition sensors rely on specific interactions
between target biomarkers and receptors to generate measur-
able signals, enabling the detection of specific bioreceptors.”
However, these sensors are limited by the number of available
receptors and can have reduced stability over time. Humidity
sensors operate by detecting changes in mask humidity during
breathing, with alteration in the material’s potential caused by
the absorption or release of water molecules.”*”> Temperature
sensors function similarly by measuring changes in air tem-
perature, which affect the material’s electrical potential.”*™"®
Both humidity and temperature sensors are simple and cost-
effective, but are highly influenced by external environmental
factors. These diverse sensing mechanisms enable smart
masks to effectively monitor a wide range of biomarkers and
environmental conditions, paving the way for improved health
monitoring and disease detection.

Mater. Horiz.

2.3 Signal output

The capacity of smart masks to capture a rich and diverse set of
detection signal data during real-world use is made possible by the
integration of advanced biomarker detection technology and var-
ious sensing methods, as illustrated in Fig. 1. These technologies
enable the identification of respiratory biomarkers, such as viruses,
proteins, and gases, as well as their concentrations in real time.
Electrochemical sensors, for instance, detect small variations in
current or potential resulting from chemical reactions between
biomarkers and electrodes, providing reliable data for the quanti-
fication of biomarkers. Similarly, fluorescence-based sensors mea-
sure the intensity of emitted light, reflecting changes in the optical
properties of biomarkers upon reaction with specific reagents.
Despite the promising capabilities of these sensors, signal acquisi-
tion can be challenging due to environmental interference, which
affect the accuracy of readings. To address this, the raw signals are
subjected to processing steps, such as noise reduction and signal
amplification, ensuring the data’s reliability. Once processed, the
data are compared with established digital models to calculate
biomarker concentrations of biomarkers in breath samples. These
data are then transmitted to external devices, such as a computer or
smartphone, using wireless technologies like Wi-Fi or Bluetooth.
The use of big data analytics, coupled with the Internet of Things
(10T),">"""% facilitates the real-time health monitoring and the early
detection of disease.®"** By analyzing these biomarker levels, smart

This journal is © The Royal Society of Chemistry 2025
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masks can offer insights into potential health risks, helping users
make informed decisions about their well-being. Mobile applica-
tions enable users to access real-time test results, while healthcare
professionals can perform more detailed evaluations using
advanced data analysis tools available on computers. This integra-
tion of big data, IoT, and advanced sensing technologies is propel-
ling healthcare toward more personalized, precise, and intelligent
solutions.

3. Application of smart masks based
on different sensing modalities
3.1 Electrochemical sensors

With high sensitivity and real-time monitoring capability,
electrochemical sensors have become the core technology for
detecting trace metabolites in exhaled breath. However, chal-
lenges such as humidity interference, low analyte concen-
tration, and the need for non-invasive, continuous operation
limit their broader clinical translation. Recent research has
addressed these issues from multiple angles, including device
design, sensing mechanisms, and materials innovation.

To achieve efficient sample collection and automation, Heng
et al. developed the EBCare mask, an integrated system for
capturing and analyzing EBC (Fig. 3(a)).** The device incorpo-
rates hydrogel-based evaporative cooling, metamaterial radia-
tive cooling, high thermal conductivity materials, and a
capillary force gradient to automate EBC condensation, trans-
fer, and detection, demonstrating feasibility for real-time, user-
friendly metabolite tracking. Focusing on H,O, detection as a
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representative volatile marker, Maier et al. introduced a dis-
posable, paper-based electrochemical sensor using Prussian
blue (PB) as the redox mediator.®* H,0, oxidizes the PB in
the electrolytic cell to generate a cathodic current, which is
then recorded via differential electrochemical measurements.
However, the identification of a stable, effective electrolyte
(humectant) remains an unresolved issue in maintaining sen-
sor performance. Building on PB-based strategies, Cao et al.
developed a polyaniline/PB nanolayer (nano-PANI/PB)-coated
electrode (Fig. 3(b)). This electrode efficiently collected gas
condensate from the mouthpiece and transferred it to an SPCE
plate for H,0, detection. This innovation represents a notable
advancement in portable detection technology.®® Beyond con-
ventional sensing, Jeerapan et al. designed a self-powered
bioelectronic sensor using a glucose biofuel cell framework.>?
By immobilizing glucose oxidase and tetrathiophene at the
anode, the system generates electrons from glucose oxidation,
enabling continuous glucose detection with a sensitivity limit
of 0.22 mM. This approach eliminates the need for external
power, offering advantages for long-term wearable use. In terms
of material innovation, Ti;C,T, MXenes have gained significant
attention for their excellent conductivity and surface tunability.
Li et al. developed Ti;C,T,~M2-based gas sensors with reduced
humidity interference and enhanced ethanol sensing perfor-
mance (Fig. 3(c)).*® The sensing mechanism involves a “sheet-
seeing” effect, where gas intercalation increases resistance.
A 71% reduction in water vapor response and a five-fold
increase in ethanol sensitivity were achieved by exploiting weak
H,0-Ti;C,T,~M2 interactions. Extending this strategy, the
same group designed a Ti;C,T, MXene-based mask capable of

Electrochemical sensors
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detecting breath acetone (BrAc) at concentrations as low as
0.31 ppm (Fig. 3(d)).*” BrAc adsorption increases the distance
between MXene nanosheets, leading to higher resistance.

For practical alcohol monitoring, Wu’s group fabricated a
composite sensor using PP/Ti;C,T,/PPy, where the amino
groups in PPy capture ethanol molecules, and Ti;C,T, expand
the connecting channels to enhance the adsorption.>’ The
material was implemented in a breathalyzer for DUI monitor-
ing, offering stable and reproducible ethanol sensing.

These advances highlight the adaptability of electrochemical
sensors for breath analysis. However, consistent challenges,
such as miniaturization with multianalyte capability, interfer-
ence suppression, and long-term calibration, still require sys-
tematic investigation.

3.2 Optical sensors

Optical sensors can be categorized into two primary methods:
fluorescence emission and absorbance monitoring (colorimetric
methods). These sensors are suitable for rapid screening with the
advantages of low cost and visualization. However, key challenges
remain in terms of environmental interference, sensitivity to
humidity, and signal stability in wearable and non-invasive for-
mats. Recent innovations in mask-based optical platforms have
sought to address these limitations through intelligent material
integration and signal amplification techniques.
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Fluorescence sensors detect biomarkers by measuring light
absorption at specific wavelengths, often utilizing energy trans-
fer or quenching mechanisms. For instance, Zhang et al. devel-
oped a Janus wettable mask incorporating a proportional
fluorescent probe for H,S detection (Fig. 4(a)).®® The system
utilizes red-emitting silver clusters (AgNCs) and blue-emitting
carbon dots (CDs), achieving a visible fluorescence shift from red
to blue upon H,S exposure. This ratiometric approach enabled a
detection limit as low as 0.8 ppb, offering high sensitivity in a
visually intuitive format. Inspired by the remarkable water-
collecting ability of nanofabricated desert beetles, Chen et al.
developed a surface-wettability-based strategy to enhance Raman
scattering signals on mask surfaces (Fig. 4(b)).** By directing
respiratory droplets toward SERS-active regions, the platform
achieved nitrite detection with a detection limit as low as 10~
demonstrating a solution for trace analyte enrichment in EBC.
Escobedo et al. took a different approach by embedding a CO,-
responsive fluorescent sensor into an FFP2 mask, enabling con-
tinuous respiration monitoring.”® The sensor, composed of inor-
ganic phosphors and acid-base indicators, was activated by an
NFC-enabled mobile phone, facilitating real-time read-outs of
respiratory CO, acidity without external instrumentation.

Colorimetric methods involve biochemical or hydrolytic
reactions between biomarkers and specific dyes, providing a
clear and visual readout. These systems are particularly attractive
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Fig. 4 Application of optical sensors in masks. (a) Schematic illustration of a Janus wettable mask with an integrated ratiometric fluorescent probe.®®
Copyright 2024 ACS Sensors. (b) Schematic illustration for in situ collecting and analyzing nitrite with SERS on a Facemask@AgNCs@4-ATP. Reproduced
with permission from ref. 89. Copyright 2024 ACS Sensors. (c) Schematic of a face-mask-integrated SARS-CoV-2 wearable diagnostic.’* Copyright 2021
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Chemical. (e) A wearable Janus colorimetric mask for ammonia sensing.®

Copyright 2023 Analytical Chemistry. (f) Nanoparticle biosensors detecting

SARS-CoV-2 antigens trapped in surgical face masks. Reproduced with permission from ref. 94. Copyright 2021 Sensors and Actuators B: Chemical.
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for low-resource settings due to their simplicity and compatibil-
ity with smartphone-based analysis. Nguyen’s group developed a
lyophilized CRISPR sensor embedded in a mask for SARS-CoV-2
detection (Fig. 4(c)).”* The mask is designed to absorb a sample
of the virus carried in the breath onto a microfluidic paper-based
analytical device pPAD, which can be lysed and analyzed for viral
and nucleic acid components. The resulting colorimetric signal
provides a rapid, instrument-free diagnostic output. Bordbar
et al. proposed an optical sniffing device affixed to the inside
of the mask to differentiate between patients, healthy indivi-
duals, and cured individuals based on the VOC-triggered color
change (Fig. 4(d)).”> The observed color variation correlated
linearly with viral load, enabling estimation of disease severity
in real time. Wang et al. developed a Janus colorimetric face
mask (JCFM), which possesses four pH indicators to quantify
ammonia concentrations ranging from 1 to 10 ppm (Fig. 4(e)).”®
The four indicators (bromophenol red, bromophenol blue,
bromocresol green, and methyl red) all contain hydroxyl groups
that cross-react with ammonia to display different colors.
Combined with the Janus design, this system achieves 96%
monitoring accuracy. A rapid virus detection strategy was
proposed by Vaquer’s group, who developed a biosensor equipped
with a nanoparticle reservoir embedded in the mask interlayer
(Fig. 4(f)).* Upon contact with the virus particles, antigen-anti-
body interactions facilitate sample transfer to paper, where a
mobile phone captures and quantifies the resulting colorimetric
change within 10 minutes. This method significantly improves
detection efficiency and simplifies the detection process. Beyond
pathogen detection, Jin et al. used the colorimetric approach to
quantify a-amylase in respiratory droplets (Fig. 4(g)).”> a-Amylase
releases a blue dye that binds to starch via o-1,4-glucosidic bonds,
enabling the determination of the concentration and distribution
of aerosol droplets ejected from the human body.

3.3 Piezoelectric sensors

When an individual breathes through a mask, the airflow
mechanically deforms (compresses or stretches) the internal
material of the sensor in a particular direction, inducing an
internal polarization and generating an electrical charge on the
surface. Once the external force is removed, the sensor returns to
its original uncharged state, a phenomenon known as the “piezo-
electric effect”. Piezoelectric sensors operate on this principle and
are particularly suitable for monitoring respiratory parameters
due to their ability to respond to slight mechanical changes
without requiring an external power source. Moreover, these
sensors have rapid response times, making them more suitable
for monitoring the respiratory rate rather than detecting trace
gases. In recent years, several studies have explored the use of
piezoelectric and triboelectric sensors for respiratory monitoring
in smart masks. He et al developed a respiration monitoring
triboelectric nanogenerator (RM-TENG) that incorporates nanofi-
ber membranes capable of efficiently filtering particles between
0.3 pm and 5 pm. Additionally, the deformation profile of the two
triboelectric layers can be analyzed to monitor breathing
(Fig. 5(a)).°° This system not only integrates particle filtration
but also enables real-time respiratory monitoring, offering dual

This journal is © The Royal Society of Chemistry 2025
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functionality that enhances its applicability in health devices.
Vazquez et al. proposed an all-fabric TENG (AF-TENG) made from
high molecular weight polyethylene (UHMWEPE) and cotton fabric.
This device is capable of transmitting alerts in critical situations
like apnea (Fig. 5(b)).”” Both of these technologies utilize the
principle of triboelectric nanogenerators (TENGs), which are
sensitive to small variations in respiratory gases. This sensitivity
arises from the triboelectrification induced by inhalation and
exhalation, opening up new possibilities for TENGs in smart
mask applications.

Additionally, Zhang et al. reported a biodegradable, highly
breathable, self-powered mask manufactured from polylactic
acid (PLA), which records respiratory signals based on the
electrostatic induction effect of the PLA electret fabric’s charge
(Fig. 5(c)).”® Similarly, Yang’s group developed a flexible, paper-
based pressure-sensing smart mask by integrating MXene-coated
tissue paper (MTP) as an intermediate layer. This innovative smart
mask exhibits a low detection limit of 1 Pa and a broad detection
range of up to 100 kPa, providing exceptional sensitivity and
adaptability for human respiration monitoring (Fig. 5(d)).”® In the
further development of pressure sensor technologies, Zhong et al.
developed an ultrathin pressure sensor with an Au/parylene/
Teflon AF membrane, measuring just 5.5 pm in thickness and
weighing around 4.5 mg. This miniature sensor uses a wireless
readout circuit, allowing ultra-sensitive detection of weak airflow
exchanged during respiration.'® Gao et al introduced piezo-
electric sensors that combine functionalized meltblown fibers
and optimized conductive materials, using in situ sampling and
inverse integration strategies for respiration detection in various
scenarios (Fig. 5(e))."”

Moreover, Ding’s group investigated the potential of super-
elastic hard carbon aerogels (s-HCAs) for use in respiratory
monitoring masks with piezoresistive sensors. The unique hon-
eycomb structure of s-HCAs provides excellent compressibility
and superelasticity, making them ideal for sensors sensitive to
minor respiratory airflow changes (Fig. 5(f)).'** Roy et al. demon-
strated the use of electrospun polyvinylidene difluoride (PVDF)/
graphene oxide (GO) nanofibres for the preparation of wearable
pressure and pyroelectric respiratory sensors. These nanofibers
undergo resistance changes when deformed by airflow, enhancing
the piezoelectric effect and achieving ultra-high sensitivity to
detect pressures as low as 10 Pa (Fig. 5(g)).'”

3.4 Bioaffinity recognition sensors

Bioaffinity recognition sensors exploit the highly specific binding
interactions between biorecognition elements and target biomar-
kers, including antigen-antibody binding, enzyme-substrate reac-
tions, receptor-ligand interactions, and nucleic acid hybridization.
These interactions trigger measurable changes in the physical or
chemical properties of the sensing platform, enabling sensitive
and selective detection of target analytes. Despite their inherent
specificity, such sensors often face challenges in integrating
high performance (e.g:, sensitivity, response time) with portability
and practical applicability, particularly in non-invasive or mini-
mally invasive formats. Addressing these limitations requires
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innovations in both sensor architecture and biorecognition ele-
ment integration.

Gutiérrez-Galvez et al. designed a wearable immunosensor
by incorporating magnetic beads into N95 masks. Utilizing a
sandwich-type immunoassay, this system enables direct capture
and detection of SARS-CoV-2 spike proteins from breath samples
(as small as 50 pL). Without the need for chemical treatment, the
sensor achieved a detection limit of 1 ng mL ™", demonstrating
excellent selectivity and practical compatibility (Fig. 6(a)).”® In
another study, Xue et al. developed an immunosensor featuring
high-density conductive nanowire arrays. The nanowire spacing
was optimized to match the viral aerosol dimensions, thereby
improving capture efficiency. Specific antibody-antigen interac-
tions were translated into impedance changes for quantitative
detection. Impressively, this device detected coronaviruses at
concentrations as low as 7 pfu mL™" within just 5 minutes,
balancing high sensitivity with rapid response (Fig. 6(b))."*
These examples demonstrate the combination of advanced
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material design and biofunctional integration, but further efforts
are needed to generalize these systems across broader biosen-
sing applications.

3.5 Humidity sensors

Humidity is a critical physiological parameter that reflects the
health of the respiratory mucosa and efficiency of gas exchange in
the human body. Humidity sensors can track changes in mask
humidity during breathing, converting these changes into elec-
trical signals for data analysis. Kim et al. developed a flexible
humidity sensor based on carbon nanotubes, which, when paired
with a ventilation system, monitors the respiratory rate. The
sensor employs a core-shell carbon nanotube structure encapsu-
lating a PAMAM dendrimer G3 (PM), which reacts with water
molecules, converting humidity variations into electrical resistance
(Fig. 7(a)).'® Similarly, Chen et al investigated a triple-layered
humidity sensor incorporating a nanoforest-based sensing capacitor,
a microheater, a reference capacitor, and a thermistor (Fig. 7(b)).

This journal is © The Royal Society of Chemistry 2025
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The active sites and hydroxyl groups surrounding the nanofor-
est will be adsorbed by free water molecules through hydrogen
bonding. When the first layer of water molecules occupies all
the sites, additional water molecules are physically adsorbed,
forming multiple layers that increase the capacitance of the
sensor as humidity rises."*®

In another study, He et al. developed a humidity sensor
using graphene nanochannel-constrained poly(dopamine)
(GNCP), a crosslinked polydopamine/graphene (PDA) polymer
enriched with hydroxyl (-OH) and amino (-NH,) groups. This
structure facilitates dynamic hydrogen bonding with water
molecules, enabling adsorption and desorption (Fig. 7(c)).""”
In a different approach, Guider introduced a paper-based humid-
ity sensor that leverages paper’s hygroscopic properties to con-
vert respiration-induced humidity changes into electrical signals
(Fig. 7(d)). This low-cost sensor integrates printed graphite
electrodes on paper for mask integration. However, this method
faces challenges such as high power consumption and electrode
cracking when the mask is folded."*®

Wang et al. developed a porous polymer humidity sensor
using PVDF/TPU/C, which is capable of generating H;O" ions
through the Grotthuss chain reaction, enhancing ionic trans-
port and reducing resistance (Fig. 7(e)).'°® Honda et al
designed a flexible humidity-sensing mask for wireless health
monitoring during sleep. The mask utilizes ZnIn,S, nanosheets
as the sensing material, where changes in humidity alter the
conductivity of the sensor, providing real-time humidity data

This journal is © The Royal Society of Chemistry 2025

104

(Fig. 7(f))."*° Similarly, Duan’s group developed a multifunc-
tional humidity sensor using printed paper and flexible con-
ductive tape, based on a principle similar to Chen’s nanoforest-
based sensor. This sensor exhibited a favorable sensing
response across a humidity range of 41.1 to 91.5% RH."""

These studies highlight the diverse approaches to humidity
sensing in smart masks, showcasing innovations in materials
and sensor designs that enhance the sensitivity and applicability
of these devices for respiratory health monitoring. Through
advancements in sensor technologies, including the use of
carbon nanotubes, nanoforests, and flexible materials, research-
ers are continually pushing the boundaries of what is possible in
low-cost, efficient, and responsive humidity monitoring systems.
These developments pave the way for more integrated, real-time
health monitoring solutions, particularly in wearable devices
such as smart masks.

3.6 Temperature sensors

Like humidity, temperature is a crucial physiological indicator
of human health. Human body temperature fluctuates in
response to the respiratory rate, gas exchange efficiency, and
external environmental conditions. Temperature sensors are
designed to measure both body and environmental tempera-
tures, and in addition to monitoring vital signs, they also serve
as an early warning system for environmental changes. Kim
et al. developed a thermochromic sensor based on aligned
controllable electrospinning technology. The sensor membrane

Mater. Horiz.


https://doi.org/10.1039/d5mh00279f

Published on 02 May 2025. Downloaded by Y unnan University on 7/27/2025 2:51:49 PM.

Review

View Article Online

Materials Horizons

PM
NH, NH; NH; NH; chit

\’—/ Self assembly

Dry condition Wet condition

C

it

————————————————sN

| Humidity Sensing

Lo o 2 = 28
® @
Grotthuss mechanisms
&
COCe

N Reduced Graphene ‘ PDA = imtemavee Hydrogen bond
@’ Water molecule & Proton & @ Hydroniumion
f H,O
. -
. -

I —
\\"’»m\&‘//

©
________________/)

1 Ag electrode
/
/’

Breath out

Water layer

Cold and dry air
Warm and humid air

7

2Znin,S, nanosheets

@ o
@ on

o ncy

Fig. 7 Application of humidity sensors in masks. (a) A CNT-based, low-resistance, and flexible humidity sensor for respiration monitoring. Reproduced
with permission from ref. 105. Copyright 2022 Nano Convergence. (b) A three-layer humidity sensor comprising a nano-forest-based sensing
capacitor.’°® Copyright 2022 Microsystems & Nanoengineering. (c) Sensing mechanism of the GNCP humidity sensor.®” Copyright 2018 Chemistry
of Materials. (d) A simple paper-based sensor relying on changes in the humidity caused by breathing was fabricated. Reproduced with permission from
ref. 108 Copyright 2016 Angewandte Chemie International Edition. (e) Schematic diagram of the sensor's humidity sensitivity mechanism.*®® Copyright
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is made of highly sensitive nanofibers (NFs) with uniformly
distributed thermochromic dyes, which enhance light trans-
mittance by 10 to 30 times compared to conventional dense
film sensors. This sensor allows for the real-time, visual mon-
itoring of human respiratory temperature (Fig. 8(a)).'"

In a different approach, the pyroelectric effect, which occurs
when temperature fluctuations alter a material’s polarization
state, generating an electric charge on a specific surface, has
been used to develop temperature sensors. Xue et al. integrated
pyroelectric nanogenerators (PyNGs) into N95 masks, in which
exhaled heat induces electric potentials at the electrodes, while
inhalation-driven cooling generates a counter-current in the
external circuit, converting respiratory temperature fluctua-
tions into electrical signals (Fig. 8(b))."*?

Similarly, Kim et al. also utilized the pyroelectric effect to
develop a ZnO nanorod-modified paper (ZNR-paper) compo-
site. This material undergoes in situ compressive and tensile
strain during respiration, enhancing the pyroelectric effect.
Additionally, it also promotes reactive oxygen species (ROS)
generation, providing antibacterial and antiviral properties."*®

Zhao et al. later proposed a wireless integrated sensing mask
(WISE mask), which employs an ultrasensitive fiber temperature
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sensor. This system based on the proton transport properties of
PAenhances the concentration of H' ions and improves proton
mobility at elevated respiratory temperatures, enabling precise
monitoring of body temperature and respiration (Fig. 8(c))."**
Similarly, Xu et al. developed temperature sensors that track
periodic respiratory patterns by detecting temperature variations
during inhalation and exhalation. By integrating a peak detection
algorithm with spline interpolation, the system enables real-time,
low-cost, and energy-efficient respiratory monitoring, further
advancing the capabilities of wearable health monitoring devices
(Fig. 8(d)).""* These innovations not only enhance the sensitivity
and accuracy of monitoring systems but also contribute to the
development of low-cost, real-time solutions that can provide early
warnings of health or environmental changes, paving the way for
more advanced and accessible healthcare technologies.

3.7 Other sensors

While most smart masks rely on conventional sensing mecha-
nisms, novel sensors, such as transistors and dual-signal sensors,
have also been integrated to enhance their functionality. Wang
et al. developed polyvinyl alcohol (PVA)-based ion-gated tran-
sistors as biosensors for detecting trace viral proteins. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Application of temperature/pyroelectric sensors in masks. (a) A porous nanofibre membrane-based thermochromic sensor.**> Copyright 2022
Advanced Functional Materials. (b) Schematic of the principle of the PyNG which is driven by human respiratory system.*> Copyright 2017 Nano Energy.
(c) A wireless all-in-one sensory face mask (WISE mask) made of ultrasensitive fibrous temperature sensors. Reproduced with permission from ref. 114
Copyright 2023 Nano Letters. (d) KN95 mask with exhalation valve is constructed to detect temperature.™ Copyright 2021 Sensors.

sensor utilizes a stretchable ionogel as the dielectric layer,
which imparts a sensitive gating effect to the transistor. This
allows the detection of viral proteins at low concentrations of
0.1-10 fg mL~". The smart mask can detect ultra-trace liquid
samples (0.3 pL) and ultra-low concentration gas samples
(0.1 fg mL™"), enabling realtime detection of breath
(Fig. 9(a)).”° In a different approach, Chen et al. addressed the
shortcomings of NH; sensors, such as low sensitivity and
environmental susceptibility, by developing a visual NH; sensor
and a dual-signal (optical and electrical) resistive NH; sensor.
The visual sensor changes color from yellow-green to blue-green
upon exposure to NH;, while the resistive sensor exhibits resis-
tance variations due to its nanostructures. The visual sensor is
stable under diverse environmental conditions but less sensitive,
whereas the resistive sensor offers high sensitivity, rapid
response, and high resolution, although it is affected by humid-
ity and temperature. Combining both sensors led to improved
performance and more reliable NH; detection (Fig. 9(b))."*”
Smart masks continue to evolve, and they are becoming
multifunctional devices capable of monitoring multiple vital
signs and biological parameters simultaneously, offering pro-
mising applications in healthcare, environmental monitoring,
and food safety. Pan et al. proposed the ‘‘lab-on-mask” (LOM)
concept, which integrates multiple sensors to monitor respira-
tory disease-related parameters such as heart rate (HR), blood
pressure (BP), and blood oxygen saturation (SpO,) (Fig. 9(c))."*®
In a similar vein, Dai et al. developed a self-powered multipara-
meter respiratory sensor (SMRS) that combines piezoelectric,
pyroelectric, and gas-sensitive materials. One component of this
sensor measures respiratory parameters, while another acts as a
gas sensor for biomolecule (acetone) monitoring, enhancing
diagnostic efficiency (Fig. 9(d)).""® Zhang et al designed BWAB
masks with respiratory monitoring capabilities, featuring antimi-
crobial, waterproof, and high-breathability properties. The mask

This journal is © The Royal Society of Chemistry 2025

is composed of three layers: a silanized, self-cleaning water-
repellent outer layer; an intermediate AgNP-based filter resistant
to viral aerosols; and a respiratory sensor positioned between
these layers (Fig. 9(¢))."*° In another development, Kim’s group
integrated machine-learning algorithms with a smart mask to
monitor skin temperature, speech activity, breathing patterns,
and mask-wearing status. This integration opens the door for
more personalized and adaptive healthcare (Fig. 9(f)."*" Additionally,
Chen et al. explored the integration of resistive temperature
sensors (R-TS) and capacitive respiratory sensors (C-RS) into
smart masks. The R-TS detects temperature variations by
increasing electron collisions and conductivity, while the
C-RS modulates the electric field via gas molecules, enabling
precise monitoring of vital signs."”* As these devices become
more sophisticated, their potential applications in healthcare,
environmental monitoring, and even diagnostics continue to
grow, providing significant opportunities for improving public
health and safety.

3.8 Limitations of smart masks based on different sensing
modalities

(i) Electrochemical sensor: electrodes are susceptible to con-
tamination, as evidenced by instances in complex breathing
environments where a variety of substances can be adsorbed on
the electrode surface, thereby affecting their detection perfor-
mance. Detection accuracy is significantly affected by environ-
mental interference, where changes in temperature, humidity,
and other environmental factors can alter the kinetic process of
the electrode reaction, which in turn affects the accuracy of the
detection results. Concurrently, the identification of the opti-
mal humectant to function as an electrolyte remains a signifi-
cant challenge, and the instability of electrolyte performance
will compromise the overall performance of the sensor.

Mater. Horiz.
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Fig. 9 Application of other sensors in masks. (a) Wearable bioelectronic facemasks integrated with ion-gated transistors.>® Copyright 2022 Matter. (b) A
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conditions, and wear status of the face mask. Reproduced with permission from ref. 121 Copyright 2022 Nature Electronics.

(ii) Optical sensors: the process of fluorescence detection is
susceptible to background fluorescence interference, and the
presence of multiple fluorescent substances in the actual
respiratory environment will interfere with the fluorescence
signals of the target biomarkers, resulting in inaccurate detec-
tion results. Additionally, the detection range is limited, making
it difficult to detect biomarkers outside the low or high concen-
tration range accurately. The colorimetric method is limited in
terms of sensitivity and precision for multi-component quanti-
tative analysis, and it is difficult to accurately distinguish and
determine the concentration of each substance when there are
multiple biomarkers in the breath that need to be quantitatively
analyzed simultaneously.

(iii) Piezoelectric sensors: it is important to note that the
detection limit is relatively high, which can pose challenges in
the effective detection of certain trace biomarkers or weak
respiratory signal changes in breath. The sensor’s performance
is significantly influenced by the material used. Consequently,
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fluctuations in the material’s performance directly impact the
sensor’s detection capability. Additionally, prolonged usage
can lead to material fatigue and ageing, which can result in a
decline in the sensor’s effectiveness over time.

(iv) Bioaffinity recognition sensor: the number of receptors
is limited, the types of biomarkers that can be detected are
limited, and it is difficult to meet the demand for simultaneous
detection of a variety of biomarkers; poor stability, the combi-
nation of biorecognition elements and target biomarkers is
greatly affected by environmental factors such as temperature,
humidity, etc., and it is difficult to ensure the repeatability and
reliability of detection results under different environmental
conditions.

(v) Humidity sensor: it is strongly affected by external
environmental factors, and changes in ambient humidity can
interfere with the detection of humidity changes caused by
breathing, resulting in inaccurate detection results. Some humid-
ity sensors have high power consumption, which increases the

This journal is © The Royal Society of Chemistry 2025
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frequency of battery replacement and affects the user experience
for smart masks that need to be worn for long periods of time and
rely on battery power. Furthermore, humidity sensors utilising
particular materials, such as paper-based sensors, are susceptible
to issues including electrode cracking when folded, thereby redu-
cing the sensor’s lifespan.

(vi) Temperature sensors: these are also significantly affected
by the external environment. Fluctuations in ambient tempera-
ture interfere with the accurate measurement of human respira-
tory temperature. Furthermore, the response speed of the
temperature sensor is slow, which means that the rapid changes
in the respiratory process of temperature signals cannot be
accurately captured on time. This has a detrimental effect on
the real-time monitoring of respiratory status. Conversely, in
extreme environmental conditions characterised by elevated tem-
peratures and humidity levels, the performance of these sensors
may be severely compromised or even result in malfunction.

(vii) Other sensors: in the case of ion-gated transistors, for
example, the preparation process is complex and costly, which
is not conducive to large-scale production and application; the
environmental operating requirements are harsh, and minor
environmental changes can affect their performance in detect-
ing biomarkers. In the case of dual-signal sensors, although
these combine the advantages of two sensing modes, there is
also a risk of mutual interference of the two sensing signals,
which increases the complexity of signal processing and may
lead to an increase in the error of detection results.

A smart mask, as a wearable device, involves core compo-
nents that include various types of sensors, which can convert
respiratory biological signals into readable data. It is widely
used in the fields of health monitoring, disease diagnosis, and
environmental monitoring. However, its development faces
challenges such as sensor performance, wearing experience,
and cost. To advance further, it is essential to make significant
progress in these and other related areas.

4. Prospects and challenges

In this review, we explore the three key processes involved in
real-time monitoring of human respiration using a smart mask:
biomarker detection, biosensing process, and data signal out-
put. We highlight the different types of biosensors in smart
masks, including electrochemical, optical, piezoelectric, bioaf-
finity recognition, temperature sensors, and humidity sensors.
In Table 2, we summarize the sensing methods, sensing
materials, sensing process, and functionality of biosensors
integrated into smart masks, which play crucial roles in detect-
ing various biomarkers in real-time. Additionally, we analyzed
the applications of these biosensors in disease diagnosis,
healthcare, and environmental monitoring, showing how they
are used to detect harmful gases, track respiratory biomarkers,
and more. Finally, we discuss the advancements in these
sensors and their prospects, focusing on innovations that aim
to enhance their functionality, reliability, and applicability in
diverse real-world contexts.

This journal is © The Royal Society of Chemistry 2025
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4.1 Prospects for smart masks

With the continuous advancement of technology and the
growing emphasis on health monitoring, intelligent masks
capable of real-time respiratory tracking are evolving at a
remarkable pace.'®® These masks are on the verge of becoming
an incredibly powerful tool, playing a pivotal role in health
monitoring, providing protective function, and scene expan-
sion in diverse fields.

4.1.1 Health monitoring. Smart masks represent a major
advance in health monitoring, with the primary focus of the
research being the implementation of biomarker detection. The
primary focus of current research has been on integrating various
sensing technologies to detect key biomarkers in exhaled breath.
As shown in Table 2, these sensors employ different sensing
materials and mechanisms, each optimized for specific biomar-
ker detection with high sensitivity and selectivity. In particular,
the integration of quantum nanostructures and electrospun
materials has significantly enhanced sensor sensitivity."*° Materi-
als like TiO, and MXene have demonstrated improved detection
capabilities. For example, simultaneous detection of the pH of
nitric oxide (NO) and exhaled gas condensate (EBC) has been
shown to have an impressive 92% accuracy in distinguishing
between different asthma phenotypes.®***'3! This real-time, pre-
cise identification of disease-related characteristics is pivotal for
the realization of personalized medical treatment. Furthermore,
the incorporation of Al-driven anomaly detection algorithms has
led to a substantial augmentation of the early warning capabilities
3> These algorithms are capable of meticulous
analysis of breath volatile organic compound (VOC) patterns,
enabling the identification of pre-symptomatic cases of SARS-
CoV-2 two to three days before the onset of clinical symptoms.®***

Looking ahead, future smart masks could potentially incorpo-
rate advanced nanomaterials, such as metal-organic frameworks
(MOFs). These frameworks possess remarkably elevated surface
areas and tunable pore sizes, which could be adapted to selectively
capture and detect a more extensive array of disease-specific
biomarkers with enhanced sensitivity. By modifying the structure
of the sensor layer to accommodate these materials, for instance,
through the creation of hierarchical porous structures, the masks
could achieve more efficient mass transfer of analytes, further
improving detection accuracy. This potential advancement could
transform the early diagnosis of diseases such as lung
cancer,"* ™% cardiovascular diseases,’***® and diabetes.'***4°
Additionally, it could play a crucial role in precision medicine by
facilitating more targeted treatment strategies.

4.1.2 Protective function. In the field of protection, the
advent of intelligent filtration systems in future smart masks is
poised to transform the landscape of personal protection.
Shape memory polymers (SMPs) are set to assume a pivotal
function in the dynamic adjustment of pore size in response to
environmental threats. In the event of pollutants or pathogens
being encountered, SMPs can undergo a precise shape-shifting
process, resulting in a narrowing of the pore size, thereby
effectively blocking the smallest particles. In combination with
a photocatalytic TiO, coating,"?® these masks can achieve a

of smart masks.

Mater. Horiz.


https://doi.org/10.1039/d5mh00279f

Published on 02 May 2025. Downloaded by Y unnan University on 7/27/2025 2:51:49 PM.

Review

Table 2 Summary of biosensors in smart masks for biomarker detection
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Type of sensor Sensing material

Sensing mechanism Sensitivity

Response

Selectivity time Stability Ref.

Electrochemical LSMO/Mica Thermistor effect — — 0.1s 1 weeks 123
0.7 s
PP/Ti;C,T,/PPy Chemisorption and 400 ppm Responds to etha- 49 s 13 days 51
electron transfer nol changes
CeO,@PANI Oxygen vacancy 50 ppb Responds to NH; 46 s 28 days 53
adsorption changes
Ti;C,T, MXene Interlayer expansion 0.31 ppm — 10s 14 days 87
Optical AgNCs Ratiometric fluores- 0.8 ppb Responds to H,S 15 min / 88
cence response changes
AgNCs Wettability 107" High 308 24h 89
differences
BPR, BPB, BCG, MR Acid-base neutrali- 0.62 ppm Anti-interference <60 s \/ 93
zation reactions
Porphyrazines, Acid-base reaction — Cross-response 75min  / 92
porphyrins, AuNPs, etc.

Pressure MEMS Venturi effect — High 25 ms N 124

PVDF/GO Piezoelectric and 10 Pa — — J 102
thermoelectric
T-ZnO/PVDF Piezoelectric/gas — — — 100s 55
sensitive coupling
CNT/PDMS Piezoelectric 0.79 kpa ™' — 116.8 pus \/ 125
0.088 kPa ™"

Bioaffinity PEDOT:PSS Antibody-antigen 7 pfum™ High 5 min 3 days 104

binding 0.02 pg mL™*

Humidity AuNWwW Resistive 11% RH Cross-response 0.2's N 126
Interdigitated electrodes  Capacitive 11.46% RH ~ 27.41% RHand — — 80 min 127
and polyester threads 29.79% RH ~ 38.65% RH
Nano-forest layer Capacitive 40-90% RH Responds to 5s 8 weeks 106

humidity changes
Porous graphene Resistive — Responds to — N, 128
humidity changes

Temperature  (C3HgNgCH,0), Thermochromic — Responds to tem- — N 112

perature changes
PAN-PA/PP Thermally induced 0.2 °C Responds to tem-  1.2's J 114
proton transport perature changes
ZnO-paper Pyroelectric — High — N 116
Transistors PVA-IL Tonic gating effect 0.1 fg mL ™" High 10 min 14 days 56

99.99% viral inactivation rate while maintaining optimal breath-
ability, thus ensuring protection and comfort."** Graphene-based
materials have the potential to enhance the overall performance
of the masks in terms of filtration and breathability. Furthermore,
self-sterilizing mechanisms, such as the integration of UV-C LEDs
into the mask structure,'*® represent a major leap forward in
protection innovation.

In the future, the incorporation of advanced nanomaterials,
such as metal-organic frameworks (MOFs), into smart masks
holds potential. These frameworks possess remarkably elevated
surface areas and tunable pore sizes, which could be adapted to
selectively capture and detect a more extensive array of disease-
specific biomarkers with enhanced sensitivity. By modifying the
structure of the sensor layers to accommodate these materials,
for instance, through the creation of hierarchical porous struc-
tures, the masks could achieve more efficient mass transfer of
analytes, further improving detection accuracy. This potential
advancement could transform the early diagnosis of diseases
such as lung cancer, cardiovascular diseases, and diabetes.
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Additionally, it could play a crucial role in precision medicine
by facilitating more targeted treatment strategies.

4.1.3 Scene expansion. Beyond healthcare, the potential
applications of smart masks are rapidly being explored in a
variety of contexts. In the field of occupational safety, MXene-
based sensors have been utilised to detect noxious substances
such as benzene in industrial environments,*® thereby providing
workers with real-time information about their working environ-
ment and aiding in the prevention of occupational diseases. In the
sporting domain, the monitoring of lactate thresholds through
EBC analysis can assist athletes in optimizing their performance
and ensuring they train at an appropriate intensity.**

Looking ahead, the development of smart masks with
modular structure is expected, allowing for easy customization
based on specific applications. For sports applications,'** sen-
sors could be integrated to monitor not only lactate thresholds
but also other parameters such as heart rate variability, oxygen
saturation, and muscle fatigue markers. The use of flexible
and stretchable materials, such as elastomeric polymers with

This journal is © The Royal Society of Chemistry 2025
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embedded sensors, would enable the mask to conform to the
body’s movements during exercise without compromising func-
tionality. In the context of environmental monitoring,'**8
the development of materials with enhanced gas-sensing capa-
bilities, such as doped semiconductors, is a promising area
for exploration. The incorporation of such materials into the
mask structure could enhance the detection of harmful gases
and volatile organic compounds, thereby ensuring the provision
of more accurate and timely environmental data. Furthermore,
the incorporation of energy-harvesting technologies, such as
piezoelectric materials that generate electricity from the wearer’s
movements, has the potential to render smart masks self-
sufficient, thus eliminating the requirement for external power
sources. Currently, there are FDA-approved smart masks avail-
able on the market. These masks outperform N95 masks in
terms of filtration efficiency, such as the Crosstex SecureFit and
Ultramax UltraOne, which offer filtration efficiencies of 99.9%
and 99.97%, respectively. They also provide improved fit, reusa-
bility, and additional smart features like active ventilation and
airflow regulation, as shown in Table 3. These masks are
designed with medical-grade materials, such as silicone face
seals, and are rechargeable with replaceable filters. The future of
smart masks is promising, as they are likely to become a part of
daily life due to their enhanced functionality and adaptability to
various applications.

In conclusion, the development of smart masks is opening
up vast possibilities for health monitoring and protection. By
focusing on the development of advanced materials and inno-
vative structural designs, smart masks are poised not only to
enhance their current capabilities but also to redefine the
boundaries of wearable technology, thereby bringing about a
profound impact on people’s daily lives and health manage-
ment. Additionally, features such as self-powering,'* thermal
management,'**** and antibacterial and antiviral properties
are gradually being integrated into smart masks. The advance-
ment of smart masks is expanding the possibilities for health
monitoring, propelling wearable technology into a new era.

4.2 Limitations and challenges of smart masks

Despite the bright future of smart masks, they face challenges
in device design, performance enhancement, and market pro-
duction, and require further research and development:

Table 3 Performance of FDA-approved smart masks vs. regular masks

View Article Online
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4.2.1 Comfort and safety of mask wear. Achieving accurate
biomarker detection necessitates the sensor being in full contact
with the user’s respiratory airflow. However, the biosensor’s
integration into the mask may compromise the comfort and fit
of the mask, potentially leading to impaired respiration and skin
discomfort. To illustrate this point, consider the impact of smart
mask integration on the mask’s structural integrity. The altera-
tion of the mask’s internal structure can potentially compromise
its original fit, resulting in users experiencing breathlessness
during wear, akin to the sensation of breathing in a confined
environment. Furthermore, the prolonged use of such masks has
the potential to induce adverse cutaneous reactions, including
pruritus, erythema, and tumefaction, among others, as a con-
sequence of direct or indirect contact between the sensor and
the epidermis.'?"**

A further salient issue pertains to the safety of smart masks.
The inner layer of the mask comes into direct contact with
the user’s skin, nose, and mouth, ranking among the most
vulnerable regions of the human body. In the event of sensor
damage, there is a significant risk to human safety.'*" During
the manufacturing process, various conditions may be present,
including mask damage from daily folding or extrusion, or
gradual circuit exposure over time. In the case of some smart
masks with more complex circuit design, repeated bending can
cause the internal electrode material to break, which can affect
the normal functioning of the sensor and lead to current
leakage, potentially causing harm to the user. Consequently,
during the design phase of smart masks, it is imperative to
meticulously consider these potential safety hazards and for-
mulate pragmatic preventive measures to ensure user safety.

4.2.2 Sensor performance and responsiveness. The sensi-
tivity and selectivity of the sensor are critical for the accurate
detection of respiratory biomarkers.””'* In the context of
ammonia detection, there is a possibility of a non-specific
reaction between the sensor by ammonia and nitric oxide,
resulting in interference with the sensor’s ability to accurately
determine ammonia concentration. This can lead to biased
detection results. Consequently, to ensure the accuracy of
detection results, it is imperative to develop sensors with
extremely high sensitivity, thereby enabling precise recognition
of target biomarkers and effective avoidance of bias caused by
the presence of interfering substances.

Comparison

dimension Regular medical mask (e.g., N95) Crosstex securefit Ultramasx ultraone

Filtration efficiency 95% 99.9% 99.97%

Filter particles >0.3 pm >0.1 pm >0.3 pm

Protective Suitable for everyday low-risk Suitable for medical/haze Active ventilation improves protection

properties environments scenarios efficiency

Breathability Passive filtration, high breathing Dual seal design, but no active Active electric turbo ventilation
resistance ventilation

Smart features X X Active airflow regulation, rechargeable

Sustainability Single-use Reusable Rechargeable + replaceable filter

Fit Single nose strip design Double Seal Shape Control Strip Medical grade silicone face seal

Material safety
Prices

May contain latex/irritants
$0.5-2 per piece

This journal is © The Royal Society of Chemistry 2025

Anti-allergic fiber inner layer
~$1.5-5 per piece

Silicone tested for biocompatibility
~$150-200 (device) + $20-30 per filter
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Concurrently, the responsiveness of the sensors must be
enhanced. During respiration, many biomarkers diffuse rapidly,
or their half-life time is very short and easy to disappear.®® If the
biosensor’s response performance is not high enough, it will
greatly affect the detection results. Some biomarkers diffuse into
the surrounding environment within seconds of exhalation; if
the sensor cannot detect them within this very short period of
time, the optimum time for detection will be missed. Further-
more, the electrodes of the sensor will deteriorate over time, and
the internal components will deteriorate, making the sensor less
responsive and ultimately unable to provide the user with
reliable detection data consistently.

4.2.3 Cost and market production. At present, the research
and production costs of smart masks are relatively high, which
considerably limits the large-scale development and production
of smart masks. The fabrication of sensors capable of detecting
multiple biomarkers necessitates the utilization of nanomater-
ials, special electrode materials, and other costly components.
The manufacturing process is intricate and requires strict
control of the production environment and process parameters,
which further increases the production cost.>>®” The develop-
ment of sophisticated data processing systems necessitates
considerable human, material, and financial resources. The
generation of substantial testing data by the smart mask
necessitates rapid and precise analysis and processing, which
in turn requires the development of specialized data processing
algorithms and software, as well as high-performance comput-
ing equipment. The material and process costs of masks are
likewise not to be underestimated. To realize the various
functions of smart masks, it is necessary to use some special
materials, such as materials with good air permeability, filtra-
tion and biocompatibility, and at the same time, it is also
necessary to use more delicate and complex technology in the
manufacturing process to ensure the perfect combination of
sensors and masks, which will lead to a significant increase in
the production cost of masks.
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