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ABSTRACT: We herein introduce a lightweight and zero-power smart
face mask, capable of wirelessly monitoring coughs in real time and
identifying proper mask wearing in public places during a pandemic.
The smart face mask relies on the compact, battery-free radio frequency
(RF) harmonic transponder, which is attached to the inner layer of the
mask for detecting its separation from the face. Specifically, the RF
transponder composed of miniature antennas and passive frequency
multiplier is made of spray-printed silver nanowires (AgNWs) coated
with a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) passivation layer and the recently discovered multiscale
porous polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene
(SEBS) substrate. Unlike conventional on-chip or on-board wireless
sensors, the SEBS-AgNWs/PEDOT:PSS-based RF transponder is
lightweight, stretchable, breathable, and comfortable. In addition, this wireless device has excellent resilience and robustness
in long-term and repeated usages (i.e., repeated placement and removal of the soft transponder on the mask). We foresee that
this wireless smart face mask, providing simultaneous cough and mask-wearing monitoring, may mitigate virus-transmissive
events by tracking the potential contagious person and identifying mask-wearing conditions. Moreover, the ability to wirelessly
assess cough frequencies may improve diagnosis accuracy for dealing with several diseases, such as chronic obstructive
pulmonary disease.
KEYWORDS: flexible electronics, wearable electronics, nanowires, porous composite, smart face mask

The coronavirus disease 2019 (COVID-19), a respira-
tory epidemic that caused significant morbidity and
even mortality, has widely spread worldwide since the

detection of the first case in 2019. So far, this global pandemic
has given rise to more than 400 million confirmed cases and 6
million deaths around the world,1 concurrent with psycho-
logical, social, and economic complications. To mitigate the
devastating impact of COVID-19, a number of measures were
suggested, such as hand hygiene, social distancing, quarantine,
and vaccination.2 Perhaps, face mask wearing enforcement in
densely populated places is one of the most effective means to
stop the spread of virus, as respiratory face masks are highly
effective in blocking most respiratory droplets and aerosols.3,4

Despite these efforts, the increase in reported cases of COVID-
19 continues, which has led to an urgent need for more
effective ways to combat the coronavirus and restore society to
a certain semblance of normalcy. To address this, smart face
masks made by equipping respiratory face masks with
electronic sensors and modules have been recently pro-
posed.5−9 To date, smart masks are mainly used for two

purposes: (1) to monitor respiratory symptoms, such as
cough,5−7,10 and (2) to enhance the filtration of airborne
pathogens including coronaviruses;8,9,11 both contribute to
prevention and control of respiratory diseases. In addition to
the significance in diminishing the pandemic, there has been a
witnessed trend of smart masks and wearables for their
potential in health monitoring and preventive care,12−16

personalized behavior modeling,17−20 and healthcare internet-
of-things (IoTs).21−26 Nevertheless, existing research largely
ignores wearing comfort and breathability, which are crucial for
user experience and compliance of wearing face masks. The
state-of-the-art smart face masks usually employ rigid materials
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or printed circuit boards (PCBs) attached to the nonporous
polydimethylsiloxane (PDMS),5,7−9,21,27 which are generally
bulky, cumbersome, and, most importantly, nonbreathable.
The lack of breathability markedly impedes the practice of
smart face masks due to swelter and discomfort. In addition,
the devices attached to the smart face mask may scratch the
face in some scenarios. As a result, to develop a fully
stretchable, breathable, and biocompatible smart mask sensor
with thermal management ability (e.g., passive cooling) has
both clinical and practical significance.
In this work, we present a multifunctional wireless smart

mask, capable of identifying mask-wearing conditions and
monitoring the frequency and pattern of coughing (i.e., a
common symptom of many respiratory diseases)28,29 (Figure
1a). The proposed smart face mask consists of a zero-power
radio frequency (RF) harmonic transponder, which is attached
to the inner side of an ordinary face mask and can be torn off
and reattached for repeated usage (Figure 1b). To achieve
better wearing comfort than current smart masks,5−11,21,27 the
RF harmonic transponder is printed using spray-printed silver
nanowires (AgNWs) on the multiscale porous polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS)
substrate (Figure 1c); both nanomaterials are lightweight,
flexible, stretchable, and, most importantly, breathable. More-
over, the 0.2−7 μm pores of the SEBS substrate can efficiently
block the sunlight, while allowing transmission of the human-
body infrared (IR) radiation (which is in some sense similar to
a spectral filter), thereby enabling passive heat dissipation and/
or passive cooling.30 Along with its water-resistant ability,30 the
porous SEBS substrate has broadened the application of the
proposed smart masks in scorching weather or moderate-
intensity rain. We also sprayed a layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) as a passivation layer to improve the stability and
durability of the AgNWs in air and humid conditions. It is
noted that both the SEBS substrate and the conductive
materials (AgNWs and PEDOT:PSS) are biocompatible and
environmentally friendly, thereby being particularly suitable for

wearable electronic applications.16,20,31,32 To get rid of
unwanted electromagnetic interferences, such as clutters,
crosstalks, and self-jamming, the soft RF transponder, upon
receiving an RF signal, retransmits its second harmonic, such
that the frequency orthogonality can effectively eliminate the
above interferences (Figure 1a,d).14,15,33−43 In this vein, real-
time monitoring of coughing and appropriate use of face masks
can be achieved even in noisy indoor and rich-scattering
environments. In addition, the soft harmonic transponder can
be continuously used for at least 8 h and can be repeatedly
used for at least 10 times, providing a cost-saving and
ecofriendly solution. This zero-power, lightweight, and
comfortable smart face mask with the wireless sensing function
can not only alert when the face mask is incorrectly worn in
public places but also monitors the cough frequency and
patterns of the user to analyze respiratory symptoms (which
can be mapped to the risk level of specific diseases via
intelligent algorithms),44−46 thereby mitigating the trans-
mission of infectious respiratory diseases.

RESULTS AND DISCUSSION

Material Characteristics and Properties. The soft
harmonic transponder embedded in the face mask takes
advantage of the ultrasoft, flexible, stretchable, and breathable
SEBS substrate with multiscale porous structures, which has
been recently reported in our parallel work.30 Figure 2a shows
the fabrication process of the harmonic transponder, where the
AgNWs and PEDOT:PSS were sequentially sprayed on a
prestretched SEBS by an airbrush with shadow mask assist.
After the conductive materials dried, the wireless transponder
was released from the stretcher to form a crumpled conductive
surface structure (Figure 2b). AgNWs have excellent perform-
ances in conductivity and biocompatibility, supporting the
possibility of smart wearable electronics; however, one
shortcoming that remains is the conductive instability in air
due to oxidation and sulfidation of AgNWs.47 On the other
hand, the potential inhaled risk of AgNWs has been reported,

Figure 1. (a) Schematic of the smart face mask equipped with a harmonic transponder. When cough occurs and/or face mask is not worn
properly, the smart mask is capable of receiving the interrogation signal ( f) from the transmitting antenna (Tx) and retransmitting the
modulated harmonic signal (2f) to the receiving antenna (Rx). (b) Diagram of the smart face mask formed by an ordinary face mask and a
soft harmonic transponder attached to its inner layer. (c) Geometry and (d) circuit diagram of the harmonic transponder, which consists of a
tree-shaped monopole antenna, a frequency multiplier, and a curved inverted-F antenna. See Supporting Information for detailed design
parameters.
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indicating that inhaled AgNWs may cause lung inflammation.48

For those reasons, we choose a highly biocompatible
conductive material PEDOT:PSS as the passivation layer to
isolate the AgNWs and prevent leakage. PEDOT:PSS-coated
AgNWs have strong bonding to the SEBS substrate, so that it
would be hardly possible for the nanomaterials to fall off from
the substrate surface. We use airflow with a speed of ∼3.0 m/s
(which is much higher than the speed of human respiratory
airflow) to blow the sensor surface to scotch tape overnight.
The surface of the scotch tape is then observed by scanning
electron microscope (SEM) with the result shown in
Supporting Information (Figure S1). We find no AgNWs or
conductive composite flakes blown onto the scotch tape. The
experiment demonstrates the strong interface between the
conductive materials and the SEBS substrate as well as the
negligible risk of breathing in the nanomaterials. Based on the
SEM cross-sectional image (see Figure S2), the thickness of
the conductive material is estimated to be about 0.3 μm. The
sheet resistance of the conductive material (determined by
Ossila sheet resistance test platform) is 1 Ω/□ with a 13.2%
standard deviation calculated from a group of 10 different
samples. For the same sample, the resistance shows a 1.2%
standard deviation when consecutively measured from 5

different positions, primarily due to the inconsistency of
airbrush spray. This slight deviation does not affect the
performance of the transponder sensor, as verified by our
following experiments. In practical use, the relative humidity
(RH) enclosed by the face mask could reach saturation
(≥100%),49 which also challenges the AgNWs’ stability and
the transponder’s water-resistant ability. To address this
concern, measurements of AgNWs’ electrical stability (ΔR/
R) are performed, with results shown in Figure 2c. The
harmonic transponder was stored at 90% RH (by saturated
KNO3 solution) and 32 °C for 30 days, to mimic the high
humidity and warm environment. The sheet resistance of the
conductive material (which is originally around 1 Ω/□)
increases gradually due to the effect of high humidity and
temperature. It is evidently seen from Figure 2c that the naked
AgNWs (black line) show a ∼120% resistance increase, while
the resistance of the PEDOT:PSS-coated group (red line)
increases only ∼23%. This indicates that the passivation layer
greatly improves the electrical stability of AgNWs and avoids
potential inhalation risk, which makes the wireless harmonic
transponder more durable and safe for use in smart face masks.
Wearing a face mask in hot weather is very likely to cause

heat stress (e.g., heat stroke, heat exhaustion, etc.), which poses

Figure 2. Characterization of a harmonic transponder made of PEDOT:PSS-coated AgNWs and multiscale porous SEBS substrate. (a)
Scheme of the fabrication process. The SEBS substrate is prestretched and patterned conductive materials with shadow mask assist. (b)
Crumpled structure of PEDOT:PSS-coated AgNWs on the surface of porous SEBS substrate (under 100% biaxial prestrain). (c) Electrical
stability of AgNWs with (red) and without (black) PEDOT:PSS coating under 90% RH for 30 days. (d) SEM image of SEBS’s intrinsic
micron-scale porous structures. (e) IR image of people wearing the smart mask with the harmonic sensor attached; the temperature
difference is about 3 °C. (f) Comparison of differential pressure drops of the commercial face mask, porous SEBS substrate of our designed
harmonic sensor, and PDMS and/or PCB commonly used in current smart face masks.5,7−9,21,27 Resistance changes under (g) stretching, (h)
bending, and (i) torsion. The error bars are generated from 3 different samples in each group.
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a severe threat to people under high-temperature and high-
humidity conditions. To relieve heat stress, however, people
rely on fixed facilities such as air conditioners, which can lower
the ambient temperature but with the compensation of high
cost and energy consumption. Regulating body temperature by
passive IR radiation thus has great significance in saving energy
and improving the comfort of wearable devices and smart face
masks.50−52 Here, we use the SEBS substrate with multiscale
porous structures to realize passive heat dissipation and reduce
local temperature of face masks. Figure 2d shows the SEM
image of the SEBS substrate intrinsically formed by porous
structures with pores mainly in the scale of 0.2−7 μm. Such
micron-scale porous structures can effectively scatter the visible
light (with wavelength of 400−800 nm) and allow mid-IR
human body radiation (mainly ranging from 7 to 14 μm) to
pass through,51 giving rise to a passive-cooling property of our
RF transponder. As shown in Figure 2e, the wireless harmonic
transponder can effectively reduce the local temperature of the
smart face mask by about 3 °C when wearing it in an outside

environment for 30 min. Without additional cost and energy
consumption, the passive-cooling capability mitigates the
potential threat of heat stress and widens the practical
implementation of the proposed smart face mask in scorching
weather. Another principal performance target of face mask
materials is high air permeability or breathability. The human
body needs to exchange about 500 mL of air in each breath.53

Therefore, qualified face mask materials are supposed to offer
satisfactory air permeability to reduce adverse reactions caused
by poor breathing, such as hypoxia and asphyxia. Our soft RF
transponder taking advantage of high air permeability of the
porous SEBS substrate will not cause any respiratory burden.
As shown in Figure 2f, the differential pressure drop across the
SEBS substrate is 50.97 Pa/cm2, which is comparable to that of
a commercial face mask (48.44 Pa/cm2, measured from HDX
N95 respirator mask); those pressure drops are tested under a
high airflow rate of 8 L/min and through a 25 mm diameter
sample test holder. Current smart face masks, on the contrary,
typically use nonporous PCBs and PDMS,5,7−9,21,27 whose

Figure 3. (a) Photographs of the fabricated tree-shaped monopole antenna (left) made of PEDOT:PSS-coated AgNWs and SEBS substrate
and the measurement of reflection coefficients (right). (b) Measured (solid lines) and simulated (dashed lines) reflection coefficients S11 of
the tree-shaped monopole antenna with different distances d between antenna and human body. (c) Radiation pattern of the tree-shaped
monopole antenna at 1.6 GHz, where the experiment and simulation results are presented by solid and dashed lines, respectively. (d−f)
Similar to (a−c) but for the curved inverted-F antenna (3.2 GHz). (g) Photograph of the fabricated RF frequency multiplier and (h) its
output spectrum with input power of 0 dBm at 1.6 GHz. A second-harmonic signal can be clearly observed at 3.2 GHz. (i) Measured
conversion loss of the frequency multiplier at different input frequencies (red line) and different input lower levels (blue line).
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pressure drops far exceed the range of the instrument (100 Pa/
cm2). This comparison shows the distinction of the proposed
smart face mask equipped with a SEBS-AgNWs/PEDOT:PSS-
based harmonic transponder, namely, providing eminent
breathability and wearing comfort. Meanwhile, the multiscale
porous structures of SEBS could block most bacteria (with
diameters of 0.5−5 μm) and dust (at the micron scale) and,
moreover, provide sufficient water resistance.30 The harmonic
transponder with a water-resistant property can thus prevent
droplets generated by breath and cough from staying on its
surface for a long time and facilitate the possibility of cleaning
with water, which favors its reusability. Thanks to the
prestretching (prestrain = 100%) process, crumpled structures
formed on the surface by AgNWs and PEDOT:PSS (Figure
2b) can disperse the strain and stress under large deformation,
so that the resistance change of the conductive materials is
diminutive, endowing the transponder tag with excellent
tensile, bending, and torsional stability. The resistance change
is 11.2% under 50% strain, 6.6% under 1 mm radius bending,
and 10.9% under 180° torsional deformation, respectively, as
shown in Figure 2g−i. Here, the slight resistance change is due
to the deformation of the conductive path under a large strain,
and the deviation (obtained from 3 different samples) comes
from the individual differences. These measurements may
cover the deformations of smart face masks in general use, such
as pulling, folding, rubbing, and crumpling. As a matter of fact,
since the face masks generally made of nonwoven fabrics are
barely stretchable, the deformation or strain applied on the
transponder tag is relatively small under normal working
conditions. This may lead to negligible resistance changes and
deviations, and, thus, the sensing performance of the harmonic
transponder is not affected. In addition, the resistance of
AgNWs/PEDOT:PSS could be restored after the deformation
is removed, further enhancing the endurance and reliability of
the harmonic transponder.
Design and Demonstration of Fully-Passive Wireless

Smart Face Masks. The geometry and equivalent circuit
diagram of the soft harmonic sensor conformally attached to
the smart face mask are presented in Figure 1c,d, respectively,
which comprises a tree-shaped meander-line antenna resonat-
ing at the fundamental frequency (1.6 GHz), a frequency
multiplier, and a curved inverted-F antenna resonating at the
second-harmonic frequency (3.2 GHz). The coplanar wave-
guide (CPW)-type transmission lines are used to link the
antennas and the frequency multiplier, forming a passive
harmonic transponder with a compact size (58 mm × 33 mm;
design parameters are detailed in Section S3). Figure 3a,d
shows the photographs of the fabricated antenna (left), made
of PEDOT:PSS-coated AgNWs and SEBS substrate (with
thickness of 0.2 mm), and the measurement of reflection
coefficients (right) for the tree-shaped monopole antenna and
the curved inverted-F antenna. We note that the PEDOT:PSS-
coated AgNWs exhibit excellent conductivity and electrical
stability, suitable for the design of RF antennas and circuits in
wireless tags. To study the human body’s parasitic effects, the
flexible and stretchable antennas are first attached to the
human body and then lifted with an air gap of d (mm). Figure
3b,e, respectively, plots the reflection coefficients (S11) for the
tree-shaped monopole antenna and the curved inverted-F
antenna, with the air gap (d) between the antenna and the
human body varied from 0 mm (conformal to the skin) to 10
mm. The measured reflection coefficients (solid lines) are in
good agreement with the simulated ones (dashed lines).54 We

note that the conductive materials (AgNWs and PEDOT:PSS)
and the SEBS substrate may not have a negative impact on the
reflection coefficients of the designed monopole and inverted-F
antennas, as they achieve excellent S11 of less than −25 dB at
their resonant frequencies. It is seen from Figure 3b,e that the
tree-shaped and curved inverted-F antennas, if placed away
from the human body (d ≥ 10 mm), can resonate at 1.6 GHz
(with a −10 dB bandwidth of 280 MHz) and 3.2 GHz (with a
−10 dB bandwidth of 680 MHz), respectively. The harmonic
transponder receives the interrogation signal at a certain
fundamental frequency (1.6 GHz here) sent from the reader
through the monopole antenna, generating the second
harmonic (3.2 GHz) through the Schottky diode-based passive
frequency multiplier and transmitting the frequency-modulated
signal (3.2 GHz) to the reader or sniffer through the inverted-
F antenna (Figure 1a,d). The information on coughs and
mask-wearing conditions is encoded in the emitted second
harmonic, that is, received signal strength indicator (RSSI) at
3.2 GHz. In general, when a cough occurs or face masks are
not worn (including incorrect wearing of a face mask), the
distance between the face mask and human body is close to or
>10 mm such that the reader’s receiving antenna or sniffer can
detect pulsed second harmonic when coughing or continuous
second-harmonic signal if the mask is worn improperly. The
above scenarios are regarded as the “active” state of the
harmonic tag. On the other hand, when the antennas get closer
to the human head (d ≤ 5 mm), indicating the noncough and
proper mask-wearing condition, noticeable shifts in antennas’
resonant frequencies are observed, that is, the resonance
frequency of the tree-shaped monopole is downshifted from
1.6 to 0.96 GHz and that of the inverted-F antenna is
downshifted from 3.2 to 1.8 GHz. These lead to disappearance
of harmonic signals, and thus detectable signals are below the
noise floor of the receiver. This scenario is therefore specified
as the “rest” state of the harmonic tag. Figure 3c,f reports the
E-plane and H-plane radiation patterns of the tree-shaped
monopole antenna at 1.6 GHz and the inverted-F antenna at
3.2 GHz, respectively. The measurement results match quite
well to the simulated ones.54 The tree-shaped monopole has
the maximum gain of −2.16 dBi in the broadside direction and
the half-power beamwidth (HPBW) of 95°. The curved
inverted-F antenna has the maximum gain of −0.52 dBi in the
broadside direction and the HPBW of 85° on the E-plane. At
resonances, the radiation efficiency of tree-shaped monopole is
∼39% and that of the inverted-F antenna is ∼53%; these values
obtained from the SEBS-AgNWs/PEDOT:PSS-based antennas
are slightly lower than those of their counterparts made of
metals and PCB substrates, primarily due to the relatively high
sheet resistance of AgNWs hybrid (∼1 Ω/□) compared with
that of commonly used metals such as copper.
The frequency multiplier, converting the fundamental tone

at 1.6 GHz to its second harmonic at 3.2 GHz, is based on the
lumped-element-based matching networks and filters con-
nected to a Schottky diode (SMS7621, Skyworks Solutions
Inc.). The circuit diagram and photograph of the frequency
multiplier are shown in Figures 1d and 3g, respectively, with
details described in Section S3. The lumped elements (L and
C) are connected to the AgNWs/PEDOT:PSS conductive
materials through the conductive epoxy (CW2400, Chem-
tronics). The input and output of the frequency multiplier are
connected to the CPW-type transmission lines, which have a
characteristic impedance of 50 Ω, matched to the input
impedance of the tree-shaped antenna and the inverted-F
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antenna (Figure S4). For testing purposes, the input and
output terminals of the frequency multiplier are, respectively,
connected to the analog signal generator (N5173B, Keysight)
and the spectrum analyzer (E4440A, Agilent). Figure 3h
reports the output spectrum of the frequency multiplier at 0
dBm input power, showing a satisfactory conversion loss of
25.8 dB; here, the conversion loss is defined as the power at
the input fundamental frequency in dBm subtracted by power
at the output second-harmonic frequency in dBm. Figure 3i
plots the conversion loss of the frequency multiplier at
different input power levels and an input frequency of 1.6 GHz
(blue line) and that of the same device at different input
frequencies and an input power of 0 dBm (red line). It is
evident from Figure 3i that the conversion loss of the designed
frequency multiplier achieves its minimum (∼25.8 dB) at
around 3.2 GHz, indicating that the CPW-type transmission
line formed by conductive AgNWs/PEDOT:PSS and SEBS
substrate can support proper functioning of the frequency
multiplier.
Figure 4a shows the assembled wireless smart face mask

where the SEBS-AgNWs/PEDOT:PSS-based flexible RF
harmonic transponder is pasted on a surgical face mask
(purchased from Naton Medical Group). Figure 4b is similar
to Figure 4a, but illustrating that the RF tag can be easily torn
off. We note that this wireless device is reusable by simply
tearing it off and reattaching it to a new face mask through the
silicone elastomer (Silbione RT GEL 4717 A&B, Elkem),
which has been proven effective in ref 55. Figure 4c plots the
experimental setup of wireless cough and mask-wearing
monitoring in a noisy indoor environment, where the
transmitting antenna is connected to the RF signal generator
and the receiving antenna is connected to the spectrum
analyzer. The experimenter wearing the designed smart face
mask sits in the far field of the antennas. As discussed above,

only when the smart mask is in the “active” state (i.e., not
wearing the mask or coughing), the tree-shaped monopole and
inverted-F antennas can resonate at 1.6 and 3.2 GHz,
respectively. This enables the harmonic transponder to
efficiently receive the interrogation signal at the fundamental
frequency and retransmit the second harmonic. The second-
harmonic RSSI detected by the reader’s receiving antenna
would indicate coughing and mask-wearing behaviors. In this
experiment, the distance between the transmitting antenna and
the harmonic transponder (R1) is fixed to 0.5 m, the input
power at the transmitting antenna is 25 dBm, the transmitting
antenna (standard gain horn antenna FR6509, Flam and
Russell, Inc.) has a realized gain of 14 dBi at 1.6 GHz, and the
receiving antenna (standard gain horn antenna FR6510, Flam
and Russell, Inc.) has a realized gain of 18.4 dBi at 3.2 GHz.
Figure 4d presents the measured RSSI spectrum for the “rest”
state of the smart face mask in the indoor environment, where
the distance between the receiving antenna and the soft RF tag
(R2) is 0.5 m. As can be seen from Figure 4d, there is no
indication for the second-harmonic signal, suggesting that the
mask is properly worn and cough does not occur. Figure 4e,f
presents the measured RSSI spectrum for the “active” state of
smart face mask in the same background and a reflectionless
environment (i.e., anechoic chamber), respectively; here, R2 =
0.5 m. We note that a typical indoor environment inevitably
has unwanted clutters, crosstalks, and self-jamming; all these
effects interfere the fundamental-frequency RSSI and affect the
resolvability and detectability. These electromagnetic interfer-
ences, however, can be ruled out or significantly suppressed at
harmonic frequencies due to the frequency orthogonality
between the transmitted and received RF signals, and therefore
the second-harmonic RSSI can be exploited to robustly and
accurately detect coughing and mask-wearing conditions
(Figure 4e,f).

Figure 4. (a) Photograph of the assembled smart face mask where the harmonic sensor is pasted on the inner layer of a surgical face mask.
(b) Photograph of RF transponder tag partially torn from the face mask, which is eligible for repeated use. (c) Experimental setup of
continuous cough and mask-wearing monitoring in a noisy indoor environment, where the experimenter wears the smart face mask
continuously interrogated by the continuous-wave signal from the transmitting antenna. (d) Measured RSSI of the rest-state smart mask in
an indoor environment, from which no second-harmonic signal can be observed. (e) and (f) The measured RSSI of the active-state smart
mask when it operates in an indoor and a reflectionless environment (i.e., anechoic chamber), respectively. The second-harmonic signals
which indicate cough and/or mask not properly worn are observed.
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Figure 5a plots the time-series RSSI from the smart mask at
different tag-to-receiving antenna distances (R2). It is seen
from Figure 5a that although the harmonic RSSI decreases
with increasing R2 due to the increased radio wave propagation
loss, similar patterns are obtained in spite of changes in the
interrogation distance. From the measured harmonic RSSI, a
distinct second-harmonic peak appears when coughing occurs.
The successive appearance of second-harmonic signals (i.e., a
rectangular function in time series of RSSI) indicates that the
face mask is not properly worn (i.e., there is an air gap between
the harmonic tag and face). On the other hand, the absence of
second-harmonic RSSI denotes that the mask is properly worn,
with an air gap <5 mm. Here, we also investigate the response
of the smart face mask to different improper mask-wearing
scenarios, including: (a) a mask is tucked under the chin, and
the nose and mouth are not covered; (b) hanging a mask off
one ear; (c) wearing a mask under the nose, as shown in Figure
5b. From the measurement results, we find that the harmonic
transponder would emit a continuous second-harmonic signal
as an alarm in all the different improper wearing behaviors.

Breathability against dry/wet contacts, high temperature, and
RH inside the mask is critically relevant to facilitate mask-
wearing. Figure 5c presents continuous monitoring results for
coughing and mask-wearing status after 1, 4, and 8 h of usage.
It is evident that long-duration wearing does not affect the
accuracy and sensitivity of the wireless smart face mask. The
results verify the robustness and durability resulting from the
PEDOT:PSS passivation layer, which isolates the AgNWs from
the air and therefore improves the electrical stability.
Meanwhile, the smart face mask offers superior wearing
comfort for long-term wearing, owing to its excellent flexibility,
high breathability, and passive-cooling capability in light of the
ultrasoft and multiscale porous nature of the SEBS substrate.
Here, the reusability of the SEBS-AgNWs/PEDOT:PSS-based
harmonic tag is demonstrated by repeating the use of RF tags
on face masks for 10 times. Figure 5d shows the measured
time-series second-harmonic RSSI of the harmonic trans-
ponder for its first, fifth, and 10th uses. We see from Figure 5d
that the performance of the transponder sensor is not
influenced by the times of use. This reveals that the harmonic

Figure 5. Time-series RSSI signals of the SEBS-AgNWs/PEDOT:PSS-based smart face mask (a) with different tag-to-receiving antenna
distances R2, (b) with different wearing positions, (c) after 1, 4, and 8 h of use, and (d) at first, fifth and tenth use. The harmonic peaks (red
bars) and rectangular functions (green bars) in time series of RSSI, respectively, indicate coughing and the mask not worn properly. We see
from (c) and (d) that the proposed smart face mask exhibits excellent reliability and durability.
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sensor tag can be reusable for at least 10 times (see Section S4
for more details). Such highly reliable and durable sensing
performance is enabled by the excellent electrical stability of
PEDOT:PSS-coated AgNWs, noise-immune harmonic sensing
technique, and the “binary” sensing scheme where the “active”
state and the “rest” state can be easily differentiated from each
other. The reusability and durability of the soft harmonic tag is
also promoted by its water-resistant capability, which makes
the RF tag insusceptible to a humidity environment and
droplets induced by coughing (refer to ref 30 and Section S5).
To evaluate the immunity of the smart face mask to

electromagnetic interferences, we also measure the harmonic
RSSI in rich-scattering environments where multiple metallic
scatters with large radar cross sections (RCS) are present
(Figure 6a). Figure 6b compares the time-series harmonic
RSSI pattern measured in a rich-scattering environment (left
panel) and that measured in an anechoic chamber (right
panel). We find that the time-series patterns of the two
measurement conditions are very similar, for which cough
frequency and mask-wearing status can be clearly identified
without being affected by clutters and multipath scattering
events. This is because the detected second-harmonic signal is
exclusively generated by the harmonic transponder and is not
interfered by the interrogation signal and background noises.
The measurement results in Figures 5a−d and 6b are based on
the surgical face mask (from Naton Medical Group) made of
nonwoven fabric layers. In the following, we will integrate the
soft harmonic transponder with different types of face masks,

including the polyester face mask (from K&N Engineering,
Inc.), the cotton face mask (from Tart Collections), and the
bamboo face mask (from NxTSTOP Apparel). The Silbione
allows effective bonding between the SEBS substrate and
various materials used in face masks (e.g., nonwoven, cotton,
and polyester fabrics). The second-harmonic RSSI patterns
measured with these different face mask types show that the
RF transponder sensor performs well on a variety of masks
from different manufacturers (Figure 6c).
Finally, we should note that the RF harmonic transponder

could also include the energy-efficient radio frequency
identification (RFID) chip with memory and the backscatter
transistor such that identification can be performed along with
sensing.56−60 The ID data path is picked up by the RFID
reader, so the proposed smart face mask can be either used as a
pure sensor (chipless) or sensor with ID (chip-enabled)
underneath the standard RFID operating protocols. In
addition, the recorded cough events, including the amplitude
and number of peaks in the time-domain data (Figures 5 and
6), can be analyzed using intelligent algorithms, such as
machine learning and deep learning methods,44−46 for
recognizing features (e.g., dry cough, productive wet cough,
or chesty cough) that correspond to different respiratory
diseases. Compared to current acoustic approaches that detect
cough sounds using digital voice recorders,61−63 the RF
sensing technique has several advantages. First, acoustic cough
monitoring approaches suffer from confusion with background
noises and parasitic patient sounds that are not related to the

Figure 6. (a) Experimental setup of continuous cough and mask-wearing monitoring in a rich-scattering environment where there are
multiple large-RCS scatters (left) and a no-reflection anechoic chamber (right). (b) Measured harmonic RSSI signals in the rich-scattering
environment and the anechoic chamber. (c) Time-series harmonic RSSI signals measured from the same RF transponder attached onto
different types of face masks.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c11041
ACS Nano 2022, 16, 5874−5884

5881

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11041/suppl_file/nn1c11041_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c11041/suppl_file/nn1c11041_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11041?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11041?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11041?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c11041?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c11041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


disease transmission (e.g., throat clearing, humming, or
laughing). Second, cough detection using sound could lose
important details, such as whether the person is wearing a face
mask when coughing. Unlike optical approaches, such as
optical camera and face recognition techniques,64−66 the
proposed RF approach does not have any privacy concerns,
while providing comparable or even improved accuracy and
reliability. In addition to monitoring coughs and identifying
mask-wearing status to prevent the spread of infectious
respiratory diseases, the wireless soft harmonic transponder
may find many applications in smart wearables and IoT
devices. For instance, the transponder can act as a motion or
gesture sensor which detects the movement of knees, elbows,
fingers, and so on, since any movement or bending that alters
the resonant frequency of the soft antennas can lead to
modulation of harmonic strengths.

CONCLUSION
To sum up, we have designed, fabricated, and characterized the
wireless smart face mask embedded with a soft and battery-free
RF harmonic transponder that enables continuous, real-time
wireless monitoring of coughs and mask wearing. Unlike the
current smart face masks, the antennas and circuit of the RF
transponder are manufactured based on the spray-printed
AgNWs/PEDOT:PSS and multiscale porous SEBS substrate,
which can be ultrasoft, flexible, stretchable, and, most
importantly, passive-cooling and breathable for providing
long-term wearing comfort. Also, the AgNWs coated with
the PEDOT:PSS passivation layer exhibit highly stable
electrical properties in a moisture environment, ensuring
reliability and practicability of the proposed smart face mask.
Moreover, the soft RF transponder attached to the face mask
through silicone elastomers is easy to use and reusable, leading
to an environmentally friendly solution. Our wireless measure-
ment results performed in the realistic indoor environment
show that coughing and improper mask-wearing can be clearly
indicated from the recorded second-harmonic RSSI pattern.
We envision that the proposed wireless smart face mask may
not only mitigate the spread of infectious respiratory diseases
during a pandemic but also facilitate health condition
monitoring in clinical practice, telemedicine, and healthcare
IoT.

METHODS
Fabrication of Harmonic Sensor. SEBS pellets (H1062; Asahi

Kasei) were first dissolved in chloroform (60 mg·mL−1). Then, the
solution was mixed with 40 vol % isopropyl alcohol (IPA) and
sonicated to clear. The clear solution was casted on aluminum foil and
dried in the fume hood overnight to form a porous SEBS substrate.
AgNW (Ag NW-L50; ACS Material) solution was diluted by IPA by
1:10 wt % and then spray-printed onto a prestretched SEBS substrate
(prestrain = 100%) by an air-brush with the assist of a shadow mask.
The mask is made of water-soluble tape and patterned by a CO2 laser
(ULS 2.30 system). The PEDOT:PSS solution (Sigma-Aldrich) was
diluted by IPA 1:1 wt % and spray-printed using the same steps as
AgNWs. The sprayed concentrations of as-prepared AgNWs and
PEDOT:PSS were 1 and 0.5 mL per 25 cm2, respectively. The
conductive material was sprayed on the SEBS substrate at
temperature 60 °C on a hot plate, and then the sensor was baked
in the oven under 60 °C overnight. The mask was removed from the
sensor and released to finish sensor fabrication.
Characterizations and Measurements. The SEM images

(Figure 2b,d) were taken by an FEI Quanta 600 system. The thermal
image (Figure 2e) was taken by an IR camera (FLIR E6). The
differential pressure drops (Figure 2f) were tested by a Medical Mask

Differential Pressure Tester, SATATON T438, Sataton Instruments
Technology Co., Ltd. Shanghai, China. The resistance changes of the
transponder under deformation (Figure 2g−i) were determined by a
digital source meter (2604B; Keithley Instruments).
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