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ABSTRACT: We introduce Green Cough Sense, a biodegradable, Biodegradable Microphone-integrated
Smart Mask

battery-free smart face mask that incorporates a flexible, passive
microphone for sensing cough acoustics in pulmonology. The device
integrates a mesoscale-patterned 3 by 3 array of 1 cm? circular drum-
like membranes with a patch antenna, a planar resonator comprising a
metallic radiating patch over a grounded dielectric substrate. Cough-
induced acoustic vibrations are transduced into measurable shifts in
the electromagnetic reflection coefficient (|S;,|), which are measured
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by a vector network analyzer operating in zero-span mode for high- m?m]( ‘ ?
fidelity characterization. The system is fabricated entirely from sus- ) &= g 0
tainably sourced, biodegradable materials, including cellulose acetate, . Thermal R
poly(lactic acid), and zinc, via a new green manufacturing process that Micer:s;meg Lamination O p - R
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combines laser machining with solvent- and adhesive-free low-
temperature lamination technique with maximum bonding strength reaching 5.8 N/mm. Experimental validation of the mechanoa-
coustic response demonstrates absolute sensitivity of 0.045 pm/Hz; in vitro characterizations under monotone excitation show sensi-
tivity of 0.13%/Pa; in situ validation with human participants confirms detection of mild, moderate, and severe cough events.
Biodegradation under industrial composting confirms material breakdown with over 90% weight loss after 100 days, supporting a
zero-waste end-of-life strategy.

KEYWORDS: biodegradable devices, cough acoustics, green fabrication, planar resonator, smart mask

C ough is a key early sign of respiratory disease, signaling a show cross-sensitivity with ambient pollutants, diet, medica-
range of conditions from the common cold to serious tions, and endogenous metabolites (e.g., specificity dropped to
chronic infections like tuberculosis and chronic obstructive pul- 55% in smokers).'®~'® Physiological markers such as breathing
monary disease (COPD)."* Acoustic cough signatures—such rate and tidal volume (typical normal values: 12—20 breaths per
as frequency, intensity, duration, and spectral features—may minute or <500 mL) are utilized to assess respiratory function,
offer valuable diagnostic and prognostic insights, serving as early yet their diagnostic specificity is limited, as their values can be
indicators of respiratory distress and enabling close monitoring altered by non-respiratory factors such as physical activity, anx-
of disease progression before severe clinical symptoms iety, and fever.'%°
emerge.’ > For instance, persistent or atypical cough patterns Cough acoustics monitoring is event-based, analyzing dis-
have long been utilized in clinical assessments, particularly in crete coughs rather than relying on continuous breath sam-
monitoring the spread of infectious respiratory pathogens.®™ pling.”! Distinct acoustic signatures have been identified for
However, Conventional diagnostic methods such as radiological respiratory diseases such as COPD, asthma, and tuberculosis,
imaging, sputum microscopy, and lab-based molecular tests are with reported specificities above 85%.%*>** This is because
slow, resource-intensive, and reliant on specialized personnel cough acoustics are minimally influenced by ambient metabo-
and infrastructure.”” " They require invasive sample collection lites, dietary compounds, or physical exertion.”* By analyzing
and repeated clinic visits, which can be logistically challenging, key acoustic features such as frequency components, amplitude,
and especially difficult for individuals already struggling with
respiratory symptoms and reported to be increasing the risk
of disease transmission within healthcare settings.12 Received: December 1, 2025

Advances in wearables have enabled non-invasive, continu- Revised:  April 21, 2026
ous monitoring of respiratory health indicators, including chem- Accepted: May 6, 2026

ical, physiological, and acoustic signals."*'* Chemical
metabolite detection in breath (e.g., volatile organic compounds
(VOCs), inorganic gases, pathogens) may find increasing use in
early diagnostics of diseases like COPD.'® However, VOCs
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and duration, Al-assisted systems objectively track cough occur-
rence and patterns in real time, providing disease progression
monitoring.zs’26 To date, all demonstrations of cough monitoring
have relied on active discrete/built-in microphones or on dedi-
cated microphones installed in patient rooms or clinical facili-
ties.””*® However, these setups rely on wired connections and
fixed power sources, requiring patients to remain within micro-
phone range, and pose challenges for continuous, real-time mon-
itoring due to user compliance with device placement.”’ ™’

Embedding acoustic sensors into face masks offers a discreet
way to monitor coughs in real time, turning a preventive tool
into a smart diagnostic device. However, these mask-based sys-
tems typically operate wirelessly either through integrated
Bluetooth modules or by connecting a patch antenna to an
active sensor or load circuit.'*** In both cases, they rely on
active microphones, battery-powered electronics, and non-
biodegradable components, which are bulky and require
periodic battery replacement. In addition, when discarded after
single use, these systems contribute to electronic waste and
introduce additional environmental risks, including microplastic
contamination, marine pollution, and toxic emissions from
incineration."*3%*! Unsustainable materials and conventional
fabrication methods are the root cause of this issue, generating
hazardous waste during production and hindering environmen-
tally friendly disposal at the end of life. In 2022, global elec-
tronic waste reached 62 million metric tons, with an annual
increase of 2.6 million tons.** This growth is largely driven by
the rapid turnover of short-lifecycle electronic devices that lack
viable end-of-life strategies.”> These limitations pose a signifi-
cant barrier to the scalable deployment of smart face masks
and underscore the urgent need for sustainable alternatives in
both material selection and system integration.

Developing a sustainable cough monitoring system for large-
scale use requires sustainable materials and green fabrication pro-
cesses that enable cost-effective and scalable production.
Biodegradable films such as poly (lactic acid) (PLA) and cellu-
lose acetate (CA) have conventionally been produced from
petroleum-based precursors through energy-intensive synthesis
methods (e.g, polycondensation, ring-opening polymerization,
and acetylation) and processed using organic solvents like chloro-
form, acetone, and dichloromethane, which pose serious environ-
mental and health hazards during handling and disposal.****
Recent advances use renewable raw precursors such as fermented
corn starch and wood pulp to produce biodegradable granules
that can be processed via roll-to-roll melt extrusion for film fabri-
cation and are now commercially available for PLA and CA.>>™%°
To date, these green-produced granules have primarily been sol-
ubilized with organic solvents for fabricating biodegradable layers
via solution casting, spin coating, or for formulating inks in 3D
printing and spray coating processes.’”~** In addition, patterning
of these films often relies on photolithography, which generates
toxic chemical waste, or metallization via physical vapor deposi-
tion (PVD), a process with high energy consumption.*”*
These practices compromise the overall sustainability of the pro-
cess, ultimately making it non-green.

Solvent-free roll-to-roll offers a scalable and green approach
to multilayer flexible electronics fabrication. Within this context,
laser patterning and lamination have become key technologies
in printed electronics.** Laser processing offers high-resolution,
mask-free patterning with minimal material loss, while lamina-
tion enables continuous, solvent-free, and low-temperature inte-
gration of multilayer structures.’**>*¢ These techniques

eliminate the need for photolithography and chemical etchants,
making them well aligned with principles of sustainable
manufacturing.*> Although extensively applied to conventional
substrates such as polyethylene terephthalate (PET), polyimide
(PI), and polyethylene naphthalate (PEN),*” extending these
fabrication methods for integration of green-produced films
could present a promising route toward fully biodegradable
and sustainably produced electronic devices.

To meet the growing demand for scalable, eco-friendly cough
monitoring technologies, we introduce Green Cough Sense: a
biodegradable passive microphone integrated into a single-use
face mask. Unlike traditional non-biodegradable, battery-
powered smart face masks, our device enables acoustic sensing
via a membrane-integrated patch antenna whose electromag-
netic reflection coeflicient is modulated by sound-induced
membrane vibrations. These devices are fabricated entirely from
sustainably sourced materials using a green fabrication process
introduced in this work, by combining laser processing and
thermal lamination, enabling the manufacturing of biodegrad-
able devices at scale.

H EXPERIMENTAL SECTION
Materials

Zinc (10 pm, 99.9%, ZN00-FL-000260, Goodfellow, Germany), poly(-
lactic acid) (PLA, 50 pm and 100 pm, ME34-FM-000100, Goodfellow,
Germany), and cellulose acetate (CA, 25 pm, 100 pm, and 500 pm,
AC31-FM-000300, Goodfellow, Germany) foils were all sourced com-
mercially. PLA and CA are produced via green manufacturing pro-
cesses from renewable biomass sources such as corn starch and
wood pulp byproducts,***” while zinc is sustainably sourced and
85%-recyclable.*® All foils were obtained pre-rolled and used without
further surface modification.

Dielectric Spectroscopy

Dielectric characterization of CA and PLA thin films was carried out
using a broadband open-ended coaxial probe (DAK1.2E-TL) con-
nected to a vector network analyzer (VNA). The films were all sourced
from a commercial supplier as mentioned earlier (Goodfellow,
Germany) with thicknesses below the free-space wavelength (1)
(Ay/10) to ensure compatibility with the thin-layer measurement
assumptions. The VNA was calibrated using standard short, open,
and load measurements to correct for probe and cable mismatch. To
address air-gap-induced errors between the probe and sample, an effec-
tive air-gap calibration was performed following the proposed
method.” This was done by measuring several reference materials with
well-known permittivity values and comparing the measured reflection
data to simulated results. By adjusting the air-gap thickness in the sim-
ulation, the value that best matched all measurements was identified.
The solver applied a full-wave electromagnetic model based on the
method of moments.*” This effective air-gap value was then used to
correct future measurements and improve accuracy.

Square samples were characterized by placing them flat on both
sides under the coaxial probe connected to VNA, and data were col-
lected at five discrete points: the center and four points near the
periphery. This spatial sampling helped assess in-plane uniformity
and reduce local variation effects. To suppress resonance artifacts due
to flange truncation, all measurements were conducted with samples
placed on a lossy carbon-loaded plastic platform. This setup minimized
unwanted reflections and improved measurement stability across the
frequency range. Final permittivity values were extracted from the
reflection coefficient (|S,;|), smoothed to reduce noise, and averaged
over repeated measurements to ensure accuracy and reproducibility.
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FEM Simulations and Device Design

The patch antenna-based device was modeled and optimized for near
50-ohm impedance matching using CST Microwave Studio. The sim-
ulation was based on a multilayer structure, with each layer defined
according to material properties and thicknesses provided in the data-
sheets. From bottom to top, the device consisted of the following
layers: a lamination layer (PLA, 50 pm), ground patch (Zinc,
10 pm), substrate (CA, SO0 pm), top lamination layer (PLA,
50 pm), spacers (PLA, 100 pm), acoustic resonator (CA, 100 pm),
and membrane (CA, 25 pm). A custom materials library for simulation
was developed using the measured dielectric properties in this work.
To ensure the device could be integrated within a standard face mask,
its overall size was limited to 6 to 6 cm. Within this constraint, all dimen-
sions were optimized for performance. A parametric study was con-
ducted using the frequency-domain solver, and S-parameters were
monitored to evaluate impedance matching across different configura-
tions. Near-optimal 50-ohm matching was achieved with the following
final dimensions (all in cm): lamination layers (W: 6.0, L: 6.2), substrate
(W: 5.0, L: 5.0), radiating patch (W: 1.9, L: 2.2), ground patch (W: 3.0,
L: 4.0), feed microstrip (W: 0.2, L: 1.8), spacers (W: 1.0, L: 5.0), reso-
nator substrate (W: 5.0, L: 5.0), and membrane (W: 5.0, L: 5.0).

To balance the size constraints of the patch antenna with the need
for maximum acoustic sensitivity, a membrane (drum) diameter of
1 cm was selected. This dimension allowed for a sufficiently large dis-
placement under sound pressure, while also enabling the potential inte-
gration of multiple drums in an array to enhance the overall effect on
antenna performance. The mechanical response of the membrane to
sound was simulated using COMSOL Multiphysics. A single drum
was modeled based on the membrane material (CA, 25 pm thick;
Young’s modulus: 1 GPa; density: 1.3 g/ cm?), with density, Young’s
modulus, and density assigned according to datasheet specifications.
To replicate realistic conditions, a layer of air was defined beneath
the membrane, incorporating air damping and resistance effects during
membrane movement. The membrane diameter was defined paramet-
rically to study its influence on vibrational modes and displacement
magnitude. The entire periphery of the membrane was fixed, and a uni-
form pressure of 1 Pa was applied across the drum surface. The
frequency-domain solver was used to simulate membrane displacement,
with the applied sound pressure swept from 100 Hz to 800 Hz. The
resulting displacement at the center of the membrane was recorded
and analyzed.

Laser Micropatterning

A CO, laser system (R400, Trotec, Austria) was used to pattern biode-
gradable foils. Films were affixed to a polished aluminum substrate
using Kapton tape to ensure flatness and prevent displacement during
processing. For thin films such as zinc and the membrane layer, isopro-
panol (IPA) was applied between the film and the aluminum substrate
to enhance adhesion via van der Waals forces, reduce surface tension,
and eliminate wrinkles or bulges that could compromise patterning
precision. The excess IPA was removed using a flattened tool typically
used for screen printing. Laser parameters—including power, scanning
speed, and number of passes—were empirically optimized through
trial-and-error to achieve clean edge profiles and avoid thermal damage
across different material types and thicknesses. Other available param-
eters, such as Pulses Per Inch (PPI)/Dots Per Inch (DPI) (600 ppi),
Z-offset (0 mm), and pulse frequency (3 kHz), were left at their default
factory settings and not adjusted during fabrication. The laser operated
in vector cutting mode with air assist enabled to minimize charring and
debris. Approximately 3 min are required to cut all layers in a single
run. The optimized parameters for the materials used in the device
are provided in Table S1 (Supporting Information).

Structural Assembly

3D multilayer stacking of the device was achieved through a solvent-
free, low-temperature heated roller lamination process using a low-

cost unit (320A, VEVOR, China). To prevent unintended adhesion,
Teflon sheets (Grafix Plastics, USA) were placed above and below
the films during lamination at 150 °C. The acoustic resonator was con-
structed by laminating a 25 pm CA membrane onto a 100 pm CA sub-
strate. The patterned zinc ground plane, 500 pm CA antenna substrate,
and 50 pm PLA lamination patch were carefully aligned manually using
laser-defined registration marks and laminated at 120 °C. Finally, the
acoustic resonator was mounted above the patch antenna using
100 pm PLA spacers and laminated at 120 °C with the same process.
More than 30 devices were fabricated and tested, achieving a
100% yield with no defects. The lamination process described here
was performed manually, taking approximately 10 min to align the
layers and assemble three devices per batch. The limited number of
devices processed per step, imperfect layer alignments or interlayer
sliding during the lamination process (less than 500 pm error),
and extended assembly time are attributable to the use of manual,
low-cost equipment. In contrast, industrial-scale, fully automated lami-
nation systems with auto-alignment cues, commonly employed in roll-
to-roll flexible electronics manufacturing, can significantly increase
throughput and enable rapid upscaling with minimal processing time.*

Assessment of Lamination Quality

The thickness of laminated film assemblies was evaluated to assess
dimensional changes resulting from thermal bonding. Measurements
were conducted on three combinations of materials: CA on CA, CA
on PLA, and PLA on PLA. A high-precision digital length gauge
(Heidenhain-Metro MT 1281, resolution: 0.2 jim) was used to mea-
sure the individual film layers before lamination and the bonded assem-
blies afterward. To evaluate the mechanical integrity and interfacial
adhesion of the laminated films, tensile testing was performed in accor-
dance with ASTM D638. Test specimens were prepared in a dog-bone
geometry, laser-cut to dimensions suitable for thin polymeric materials.
Mechanical testing was carried out using a Dynamic Mechanical
Analysis (DMA) system (Q800, TA Instruments, USA). Each speci-
men was mounted in the grip of the system and subjected to a preload
of 0.1 N. Testing was performed under displacement control until
either delamination or tensile failure occurred. Force—displacement
data were collected and analyzed to quantify tensile strength and the
bonding performance between layers.

Membrane Displacement Characterization

Out-of-plane displacement of the cellulosic membrane was character-
ized using a custom-built measurement setup. A high-precision
confocal chromatic displacement sensor (confocalDT IES 2410,
Micro-Epsilon, Germany) was employed to capture membrane deflec-
tion with sub-micron resolution. The test structure consisted of a single
drum-type resonator with 1 cm diameter, fabricated by laminating a
25 pm-thick CA membrane onto a 100 pm-thick CA substrate. To
ensure consistent and accurate measurements, the center of the mem-
brane, corresponding to the focal point of the sensor, was visually
marked with a black dot. The laminated assembly was mounted onto
a laser-cut polymethyl methacrylate (PMMA) (Plexiglas, The
Netherlands) stand using double-sided adhesive tape. A central groove
in the stand allowed for unobstructed acoustic wave propagation to the
membrane. The confocal sensor was mounted on a separate adjustable
fixture and aligned coaxially with the marked center of the membrane
to enable precise and repeatable displacement measurements. To
minimize external acoustic interference and internal reflections, a
custom-designed anechoic chamber was fabricated. The enclosure
was constructed from PMMA and internally lined with acoustic absor-
bent mats (SA-P80, T.akustik, Germany), then fully sealed to dampen
ambient noise. Feedthrough ports were integrated into the chamber
walls to allow the speaker and confocal sensor to be placed inside while
keeping all control electronics, signal generation, and data acquisition
systems outside the enclosure.

The membrane was actuated using a 12 V speaker (CDSM-4627-
104, Same Sky, USA), driven by a dual H-bridge power amplifier circuit
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based on the L298 driver (STMicroelectronics, Switzerland). As the
experiment required only on/off tonal excitation rather than high-
fidelity audio playback, this simple setup was sufficient for generating
consistent actuation signals without the need for dedicated audio
amplifiers. The speaker input was modulated using a signal generator
(332104, Keysight, USA) to sweep the excitation frequency from
400 to 600 Hz. To ensure uniform actuation conditions, a reference
microphone (HLWIP02-2, Huacam, China) was positioned near the
DUT and used to calibrate the sound pressure level to 90 dB SPL
(1 Pa). The audio signal recorded by the reference microphone was
analyzed with Audacity software to verify that the output frequency
matched the signal generator settings.

Device Resonance Behavior Characterization and
Measurements

The resonance behavior of the DUT was characterized using the
custom-built setup described previously, with the displacement sensor
omitted for this set of measurements. The DUT was connected via
electrical feedthroughs to a vector network analyzer (VNA; FSHS,
Rohde & Schwarz, Germany) located outside the main enclosure.
This configuration enabled continuous monitoring of the reflection
coefficient (|S,,|) during acoustic stimulation provided by a speaker.

Initially, a wideband S, sweep was performed over a frequency
range of 1—8 GHz to identify the device’s resonance frequency, which
appeared as a distinct dip in the S;; magnitude curve. A frequency
marker was placed at the resonance dip—preferably on the steepest
slope—to ensure sensitivity to small resonance shifts. The VNA was
then operated in zero-span mode, in which frequency sweeping is dis-
abled and the instrument continuously samples the signal magnitude at
the selected frequency. This allowed for time-resolved monitoring of
the magnitude of the reflection coefficient (|S,,|), effectively capturing
dynamic variations in the DUT’s resonance behavior.

The zero-span measurement settings were selected to accommodate
a range of temporal resolutions. For example, a sweep time of 100 ms
with 401 points yielded a sampling rate of approximately ~6.5 kHz,
while a 30-second sweep resulted in a sampling rate of ~20 Hz. The
resolution bandwidth (RBW) filter was adjusted to 3—4 kHz to ensure
that sidebands due to amplitude modulation were not missed. Fourier
transformation of the time-domain data enabled identification of mod-
ulation frequencies generated by the membrane’s mechanical motion
under acoustic stimulation, superimposed on the carrier signal.>'~>?
Each measurement sequence was separated by a 2-second delay to
allow system stabilization and automated data storage. All time-
domain S, traces were automatically saved directly to USB storage
for further processing. The VNA was calibrated before each experiment
to ensure measurement accuracy and repeatability throughout the char-
acterization process.

Cough acoustic recording experiments described in Results and
Discussion were conducted with voluntary participants who provided
informed consent, in accordance with the principles of the
Declaration of Helsinki (1964, revised in 2013), and with approval
from the Human Research Ethics Committee (HREC) of Delft
University of Technology. To evaluate the device under realistic oper-
ating conditions, a single human participant (male, healthy, 27 years
old, BMI = 25.7) was recruited. The device was inserted into a biode-
gradable face mask (PLA mask, VIDA, USA) and connected to the
VNA using the same measurement configuration. The participant was
instructed to cough under controlled conditions in two separate exper-
iments. In the first experiment, the VNA was set to zero-span mode
with a 30-second sweep time and 4 kHz RBW to capture multiple
cough events. The participant performed three coughs, spaced at S-
second intervals, allowing clear temporal separation of the acoustic sig-
nals. In the second experiment, the sweep time was reduced to 250 ms
while maintaining the 4 kHz RBW, and the participant was instructed
to produce three discrete coughs at different intensities—mild, moder-
ate, and severe. The shorter sweep time increased the sampling fre-
quency to approximately 3.1 kHz, which allowed the system to

detect modulation frequencies of sound up to 500 Hz, in accordance
with the Nyquist theorem. These variations were designed to assess
the device’s responsiveness to varying cough intensities. The relevant
portions of the recorded S,; time-domain traces were extracted and
further analyzed to characterize the dynamic response of the device
to each cough profile.

Degradation Study of Device

A dedicated setup was prepared based on a previously established pro-
cedure.** A glass container was filled with 700 g of soil saturated with
water and sealed airtight using a custom laser-cat PMMA (Plexiglas,
The Netherlands) lid. The lid included feedthroughs for two inlet
tubes (to allow water addition and gas release) and for inserting a
humidity sensor probe (MP780117, Multicomp Pro, UK). Soil mois-
ture was monitored and maintained above 90% throughout the test.
The entire container was placed in an oven maintained at 70 °C to rep-
licate industrial composting temperature conditions.

Strips of CA (25 pm), PLA (S0 pm), and zinc (10 pm), as well as
complete devices and face masks, were partially buried in the soil
before sealing. At predefined intervals (10, 20, 30, and 40 days), the
container was opened, and samples were retrieved, washed, dried,
and weighed using an analytical balance (Resolution: 0.1 mg;
XSR204, METTLER TOLEDO, Switzerland) to evaluate weight loss
and physical degradation. After each measurement, the container was
resealed and returned to the oven for continued incubation until the
next time point.

Characterization of Device Performance under Varying RH
and Flexing Conditions

A custom humidity chamber was constructed using a sealed polyethyl-
ene box to evaluate the performance of the device under controlled
humidity conditions. Openings were drilled to allow insertion of a
commercial temperature and humidity sensor probe (MP780117,
Multicomp Pro, UK) for precise humidity calibration, as well as a
power cable for the humidifier and a coaxial cable connecting the
SMA port of the device inside the chamber to external measurement
equipment. All other openings were carefully sealed with a silicone
gun to maintain an airtight environment. An ultrasonic cool mist
humidifier (H101, Homvana, China) was placed inside the chamber
to regulate internal humidity levels. During testing, the humidifier
was activated to gradually increase relative humidity (RH) to target
levels of 40%, 65%, and 90%. Once each target RH was reached, the
humidifier was turned off, followed by a S-min stabilization period to
ensure uniform environmental conditions before measurements.

To experimentally evaluate flexing conditions, the device was sub-
jected to controlled mechanical bending cycles. PMMA circles with
diameters ranging from 60 mm to 140 mm were cut using a laser cutter
and used as bending supports. These circles were affixed to a Teflon
base (S cm height) to prevent the device from contacting the table sur-
face during testing. The device was mounted onto the circular forms
using heavy-duty double-sided tape (3M, USA), enabling repeatable
bending at different radii to induce varying mechanical strain angles.

Throughout the humidity and flexing tests, the resonance behavior
of the device was continuously monitored using the VNA connected
via a coaxial cable to the SMA port of the device. Data acquisition
and storage were performed using R&S Instrument View software,
which provided remote control of the VNA and enabled data saving
in various formats for subsequent analysis.

Data Processing and Statistical Analysis

Fast Fourier Transform (FFT) and Short-Time Fourier Transform
(STFT) analyses were performed using OriginPro (OriginLab Corp.,
Northampton, USA). For FFT, the modulated time-domain signal
was transformed into the frequency domain, with magnitudes
expressed in decibels and normalized to a peak of 0 dB. The sampling
rate was calculated from the time intervals in the signal. Short-Time
Fourier Transform (STFT) analysis was carried out to evaluate the
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time-dependent spectral content of the signal. The signal, originally
recorded with a sampling frequency of 6200 Hz, was analyzed using
a Hanning window of 256 samples to balance time and frequency res-
olution. A high overlap of 90% between adjacent windows was applied
to ensure smooth temporal tracking of frequency components. The
STFT was computed using a 4096-point FFT, providing fine frequency
resolution. The frequency range was restricted to 0—1300 Hz to focus
on relevant content. The final time-frequency map was visualized using
a jet colormap and exported as a high-resolution image (600 dpi) for
documentation and further analysis. For dielectric spectroscopy mea-
surements, five points were measured on both the front and back sur-
faces of the films, and the standard deviation was calculated to assess
measurement variability.

B RESULTS AND DISCUSSION

Green Cough Sense enables contactless, real-time monitoring
of respiratory disease progression by extracting acoustic signals
from cough sounds. These acoustic parameters include funda-
mental frequency (associated with vocal fold vibration), sound
intensity (related to acoustic pressure amplitude), and temporal
patterning (e.g,, duration and repetition rate).”>** At the core
of the sensing system is a sound-sensitive, drum-like patterned
periodic acoustic surface complex coupled with an underlying
patch antenna. When exposed to cough-induced acoustic pres-
sure waves, the surface undergoes mechanical vibrations that
modulate the electromagnetic scattering parameters of the
antenna through dynamic impedance mismatching induced by
these vibrations. Figure la presents a schematic overview of
the correlation between cough acoustics and lung health. In
early-stage or mild infections, coughs typically exhibit low-
frequency (<300 Hz), low-intensity, and irregular temporal
proﬁles.ss_58 In contrast, advanced respiratory pathologies,
such as tuberculosis, bronchitis, pneumonia, or COPD compli-
cations, generate high-frequency (300—600 Hz), high-intensity
coughs with consistent temporal patterns.>*%

Figure 1b shows the system packaging, highlighting the inte-
gration of our fully biodegradable sensor into an off-the-shelf
biodegradable face mask. The sensor is fabricated using a sol-
vent-free, low-temperature green process, consisting of CO,,
laser-patterned layers of CA, PLA, and zinc, selected for their
roles in acoustic sensitivity, mechanical support, and electrical
conductivity, respectively. These layers are vertically stacked
via thermal lamination, which represents the first demonstration
of lamination in biodegradable device fabrication, offering a
rapid, sustainable approach compatible with roll-to-roll
manufacturing of flexible electronics. CA serves dual roles as
both the structural substrate for the antenna and acoustic reso-
nator, and as a thin vibrating membrane. As a derivative of cel-
lulose, CA offers significantly enhanced thermoplastic
processability while maintaining low electromagnetic loss, mak-
ing it ideal for precise, solvent-free fabrication.®> PLA pro-
vides mechanical integrity and acts as both a packaging layer
and a spacer to minimize air damping beneath the membrane.
Zinc functions as the conductive element for both the antenna
patch and ground plane, selected for its relatively high electrical
conductivity (1.69 X 107 S/m at room temperature) among
biodegradable metals reported to date.®> The device was inte-
grated into a face mask with membranes facing the mouth
and the antenna inside, enabling real-time cough detection
while maintaining normal mask usage (Figure 1c). Figure 1d
shows the partially degraded device and mask after one month
of soil burial under industrial composting conditions (70 °C,

90—100% RH), confirming the composability of the system
and its end-of-life sustainability.

Figure le illustrates the complete life cycle of Green Cough
Sense from raw material selection to end-of-life reintegration into
the environment. The cycle begins with the selection of biode-
gradable materials: CA from plant cellulose, PLA from corn
starch, and zinc, a micronutrient metal, chosen for its sustainable
origin and low environmental impact. The device is fabricated
using cleanroom-free, green manufacturing methods, enabling
energy-efficient, scalable production compatible with existing
industrial infrastructure.***> The system naturally degrades in
compost or soil, breaking down into lactic acid, cellulose frag-
ments, and zinc ions, which are non-toxic byproducts that support
microbial activity and serve as nutrient-rich feedstock.%¢~

Device Design, Fabrication, and Characterization

We developed a scalable, green process for fabricating biode-
gradable devices using laser machining and low-temperature
lamination. This adhesive- and solvent-free method enables pre-
cise assembly of zinc, PLA, and CA layers into a compact
antenna—resonator system (Figure 2). A CO2 laser (7» =
10.6 pm) was used for high-precision, maskless patterning of
zinc (10 pm), PLA (S50 pm), and cellulose acetate
(25—500 pm). Its strong photothermal interaction with metals
and polymers enables localized ablation and clean edge defini-
tion, eliminating the need for chemical etching, photoresists,
or cleanroom lithography. Precise fabrication of the conductive
geometry of the antenna is accomplished using laser machining
of the zinc layer (Figure 2a). The 10 pm-thick foil was pat-
terned to form both the radiating patch (ie., a rectangular patch
with a microstrip feed line) and the ground plane, using S0 W
power and 1 cm/s scan speed. Lower settings failed to achieve
full cutting of the foil, while higher values led to thermal distor-
tion and irregular, wavy edges, with dimensional tolerances
deviating by up to 500 pm from the initial design. Next, a
50 pm-thick PLA film was used as a lamination pouch to encap-
sulate and mechanically stabilize the antenna structure
(Figure 2b). PLA was chosen for its low dielectric loss (tan
8 < 0.05) at microwave frequencies,”” which supports a higher
quality factor in antenna performance, and for its excellent ther-
moplastic processability, enabling low-temperature lamination
without adhesives.”’ In addition, its high mechanical rigidity
(Young’s modulus ~ 3.5 GPa), notable among polymeric bio-
degradable materials, provides the necessary structural support
for stable device operation.”"

CA was selected for its compatibility with laser micromachin-
ing, allowing precise patterning of all layers, and for its mechan-
ical properties, including moderate stiffness (Young’s modulus
~ 1 GPa) and low density (1.3 g/cm?), which enhance mem-
brane displacement under acoustic pressure. Indeed, CA was
laser-patterned into three distinct layers: antenna substrate, res-
onator base, and vibrating membrane (Figure 2c). Each thick-
ness was optimized to balance functional performance and
fabrication constraints: the 500 pm-thick substrate enabled a
stable device substrate; the 100 pm resonator base provided
mechanical stability while remaining within the 1 mm total
interlayer gap allowed by the lamination rollers; and the
25 pm membrane was thin and flexible enough to vibrate in
response to subtle acoustic pressure variations.

The layers were first manually stacked using alignment marks
to ensure proper alignment, then placed between Teflon sheets
to prevent sticking to the heated rollers during lamination. The
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Figure 1. Green Cough Sense is an eco-friendly smart face mask that monitors respiratory health by analyzing cough acoustic signals: passive, bat-
tery-free, and entirely biodegradable, with zero electronic waste and manufactured using low-temperature, green processes. (a) The severity of respi-
ratory complications can be assessed by analyzing cough sound dynamics, including intensity, duration, rate, and frequency components. (b) The
system features a biodegradable polylactic acid (PLA) face mask housing a passive microphone, which integrates an array of drum-like membranes
that vibrate in response to sound waves. These vibrations alter the near-field of an integrated patch antenna, modulating its electromagnetic scattering
parameters. (c) Photographs of the wearable device, shown before and after partial degradation in soil. The microphone consists of a 3D vertical stack
of laser-patterned layers made from cellulose acetate (CA), PLA, and zinc, bonded through a low-temperature lamination process. (d) Image of the
partially degraded microphone and face mask after soil burial under industrial composting conditions. (e) Schematic of the device life cycle—from
sourcing sustainable raw materials (including soil enriched by previously composted devices), through cleanroom-free green fabrication, to end-of-life
biodegradation, returning safely to the environment as nutrient-rich soil. The male model imagery is partially Al-generated. In panel (e), the inset
images of industrial composting, agricultural feedstock, and sustainable raw materials contain Al-generated elements.
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antenna at 120°C

A
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Figure 2. Green manufacturing of the biodegradable passive microphone. (a) Laser-patterned zinc foil defines the conductive element and ground
layer of the patch antenna, which has a 2 X 2 cm patch and 2 X 19.5 mm microstrip feed section and a port section (not connected). (b) PLA is
chosen for its low-loss dielectric properties in the microwave frequency range and its mechanical stability, making it suitable for encapsulating both
the conductor and dielectric layers. (c) Cellulose acetate (CA) forms the antenna substrate, resonator substrate, and 3 X 3 array of drum-like acoustic
resonators with 1 cm diameter and membrane due to its low acoustic loss and mechanical flexibility. (d) Lamination process stacks and bonds all
functional layers at controlled temperatures, yielding the final, fully biodegradable device. The device sizes 6 X 6 cm, has a thickness of 0.8 mm,
and weighs only 4 grams. In panel (a), the laser head image is partially Al-generated. In panel (d), the laminator schematic includes partially

Al-generated elements.

stepwise thermal lamination process was tailored to the thermal
and mechanical characteristics of PLA and CA (Figure 2d).
Initially, the 25 pm CA acoustic membrane was bonded to
the resonator base (CA; 100 um) at 150 °C, which is below
the glass transition temperature of CA, to promote controlled
adhesion with minimal buckling. In the second step, the patch
antenna layers (PLA, CA, and zinc) were laminated at 120 °C,
well above the glass transition temperature of PLA (Tg =
50—65 °C), to ensure strong adhesion between the lamination
pouches. Higher temperatures resulted in excessive deformation
of the antenna structure post-lamination, adversely affecting its
resonance performance. The acoustic resonator section was
assembled onto the laminated antenna using 100 pm-thick spacer
bars made of PLA, forming an air gap beneath each membrane to
prevent contact with the antenna and reduce air damping. A step-
by-step overview of the full device fabrication process, including
laser cutting of the polymeric/metallic films, sequential lamina-
tion steps, and final assembly, is provided in the supplementary
video (Movie S1).

Thickness measurements quantify lamination-induced thick-
ness variability and confirm the dimensional stability of the
PLA/PLA bilayer. Tensile testing to evaluate interfacial bonding
showed that the PLA/PLA laminate exhibited the highest adhe-
sion strength. Further details of the mentioned characterizations
are provided in Note S1 and Figures S1 and S2, and the real-
time tensile responses of all laminates are shown in Movie S2.

The antenna was fed via a microstrip transmission line, with
feed geometry and substrate thickness tuned to achieve 50-ohm
impedance matching, enabling accurate S-parameter measure-
ments using a vector network analyzer (VNA). To do this, pre-
cise dielectric characterization is critical at the operating
frequency (~6 GHz), selected based on the required 6 X
6 cm” device size to fit within typical face mask dimensions.
Accordingly, we analyzed the dielectric components over a
broad frequency range (1—8 GHz) to extract their relative per-
mittivity (e,) and loss tangent (tan 8), as shown in Figure 3a,b.
Consistent with prior studies,”””®> both materials exhibited a
decreasing €, from approximately 3.4S5 to 2.80 with increasing

https://doi.org/10.1021/acssensors.5c04572
ACS Sens. XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04572/suppl_file/se5c04572_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04572/suppl_file/se5c04572_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04572/suppl_file/se5c04572_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04572/suppl_file/se5c04572_si_003.mp4
http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c04572

ACS Sensors

pubs.acs.org/acssensors

frequency, attributed to limited dipolar relaxation. In contrast,
tan O exhibited frequency-dependent fluctuations indicative of
underlying dielectric relaxation phenomena. For CA, tan 9
increased to a local maximum near ~2.3 GHz, decreased toward
5 GHz, and rose again beyond 6 GHz. PLA showed a steep
decline in tan 8 from 1 to ~3 GHz, followed by a plateau.
These variations arise from the frequency-dependent reorienta-
tion of dipolar groups under an alternating electric field, with
increased dielectric losses near characteristic relaxation frequen-
cies. The trends are further influenced by polymer chain mobil-
ity and the degree of crystallinity within the material matrix.”*
Over the 1—-8 GHz frequency range, the measured loss tangent
values varied between 0.03 and 0.05 for CA, and 0 to 0.02 for
PLA, corresponding to low-loss (tan & < 0.05) dielectric behav-
ior.”> Such characteristics are well-suited for achieving high-
quality factors performance in biodegradable antennas. These
measurements correspond to post-lamination films, as lamina-
tion (heat and pressure) can introduce interfacial air gaps or
microbubbles that slightly alter the effective dielectric response,
and measuring processed films eliminates this source of error.
All layers of the laminated structure were included in the
model (Figure 3c), and a coaxial port was placed at the end
of the microstrip feed line. Frequency-domain simulations
yielded optimized dimensions for two device configurations.
Devices 1 and 2 were designed with slight variations in patch
length to examine their impact on resonance frequency and
explore geometric tuning for operation across different
frequency bands. For device 1 (red), the patch measured W:
20 mm, L: 19.5 mm, the microstrip feed line was W: 2 mm,
L: 19.6 mm, and the ground plane was W: 40 mm, L: 45 mm.
For device 2 (blue), the patch measured W: 20 mm, L:
20 mm, the microstrip feed line was W: 2 mm, L: 20.1 mm, with
the same ground plane dimensions as device 1. The measured
|Sy;| values were —18.3 dB at 6.40 GHz for device 1 and

—17.13 dB at 6.27 GHz for device 2, both below —10 dB,”®
demonstrating predictable tuning behavior, as a ~0.5 mm
change in patch length produces a clear resonance shift. To
minimize such variation, the CO, laser cutting parameters—
laser power, repetition rate, and scan speed—were optimized
for both polymer and metal layers to achieve the smallest stable
kerf and avoid thermal overburn.”” These conditions, summa-
rized in Table S1, constrain the effective cut width to the
0.25 mm laser spot size and ensure reproducible patch dimen-
sions with minimal tool-induced deviation.”®

The simulated results (Figure 3d, dotted lines) closely
matched the measured data. The shift in resonance aligns with
standard patch antenna behavior, where shorter patch lengths
yield higher resonance frequencies.”® Accordingly, precise con-
trol of the patch length is essential to minimize error in the tar-
get resonance frequency. Figure 3e illustrates the measurement
setup, where an SMA connector was mounted directly onto the
feed line of the device, connecting the patch antenna to a VNA
to sweep the reflection coefficient (|S,,|) over the frequency.”®
The simulated results (Figure 3d dotted lines) closely matched
the measured data. The shift in resonance aligns with standard
patch antenna behavior, where shorter patch lengths yield
higher resonance frequencies.”® The measured resonance at
640 GHz, with 3-dB points at f; = 6.37 GHz and f;
6.43 GHz, corresponding to a 3-dB bandwidth of Af,yy
60 MHz and a quality factor of Q = f,/Af;qy = 107
(Figure S3a and Note S1). The interrogation frequency is inten-
tionally placed on the steepest portion of the resonance flank,
where the |S ;| is locally linear.”” This ensures that small detun-
ing effects produce proportional amplitude changes.*” The line-
arity of this region and the corresponding regression analysis
are provided in Note S2 and Figure S3.

The performance of the device under varying relative humid-
ity (RH) is summarized by a 40 MHz resonance shift across

a) b) e)
3.45 0.05 3.00 X N 0.02
Cellulose Acetate (CA) Poly (lactic acid) (PLA)
¥ |- —» DUT
3.4 10.045 2.95 10.015 J;J ‘
j . = SMA VNA
w3.35 10.04 = w 2.90 E connector
3.3 10.035 2.85
3.25 0.03 2.80 0
1 2.25 3.5 5.75 8 1 2.25 3.5 5.75 8
Frequency (GHz) Frequency (GHz)
c) d)
Membrane 0 o
Antenna -
substrate -8
) )
=) Device
= -16 — Meas. 1
Dl Spacer 2 Sim. 1
24 — Meas. 2
S S IR Sim. 2
Grom ) .y 32
Coaxial X 6 6.25 6.5 6.75 7

Microstrip-fed

ort
P patch

Frequency (GHz)

Figure 3. Dielectric characterization and resonance performance of the patch antenna. (a) Frequency-dependent relative permittivity (g,) and loss
tangent (tan (8)) of cellulose acetate. (b) Dielectric properties of poly(lactic acid) (PLA) measured from 1 to 8 GHz. Shaded regions indicate mea-
surement error bars. (c) Electromagnetic model of the complete device in CST Microwave Studio used for simulations in this study. (d) Resonance
behavior shown in simulated and measured input—port reflection coefficient (|S,;|) of devices with different patch lengths. (e) Measurement setup
with the device under test (DUT) mounted via an SMA connector to a vector network analyzer (VNA) showing measurement of the reflection coef-

ficient (|S,,|) across a 1 GHz frequency span.
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40—90% RH. Additionally, bending introduces a linear fre-
quency change over curvature radii from 60 to 140 mm (R* =
0.9979), as shown in Figures S4 and S5 and discussed in
Notes S3 and S4 of the Supporting Information.

In short, the device employs a multilayer biodegradable archi-
tecture, integrating a passive patch antenna that simultaneously
enables an interrogation interface in microwave range and a nar-
rowband resonant acoustic sensor. The antenna’s near-field
response, within the sub-2 cm region dominated by non-
radiative reactive fields, is modulated by a mechanically coupled
membrane that vibrates in response to cough-induced acoustic
pressure. Electromagnetic modeling in CST Microwave Studio
was used to optimize the device dimensions for maximum
impedance sensitivity to membrane displacement at the anten-
na’s electrical resonance frequency. To evaluate acoustic perfor-
mance, drum-shaped membranes were simulated in COMSOL
Multiphysics using the frequency domain solver, focusing on
displacement response within the cough sound frequency range.
Maximizing sensitivity at these low frequencies required large
diaphragm radii and thin membranes; therefore, CA films with
a thickness of 25 pm, the thinnest commercially available sus-
tainably sourced biodegradable film, were selected. The mem-
brane diameter was maintained at 1 cm to match the
optimized patch antenna size that enables array integration,
which enhances near-field modulation coverage without increas-
ing the device footprint.

Membrane Displacement Characterization under
Monotone Acoustic Excitation

To characterize the out-of-plane displacement of the CA mem-
brane, measurements were conducted using a custom setup
(Figure 4ab), as described in the Experimental Section. The
sound pressure was calibrated to 90 dB SPL (0.6 Pa), and the
membrane response was recorded under 400 Hz excitation.

Under 400 Hz excitation, the membrane exhibited a peak dis-
placement of ~17 pm (Figure 4c). Fast Fourier Transform
(FFT) analysis (Figure 4d) confirms a dominant frequency at
400 Hz, while Short-Time Fourier Transform (STFT) results
(Figure 4e) show consistent frequency content over time.
Additional low-frequency spectral components observed at this
drive frequency originate from nonlinear distortion in the loud-
speaker when operated near its own acoustic resonance, which
introduces extra frequency content into the excitation signal
and is not related to membrane dynamics.®' =%

Under 500 Hz excitation, the membrane was actuated in 3
distinct bursts, each reaching approximately 11 pm in displace-
ment (Figure 4f). The corresponding FFT (Figure 4g) con-
firmed a dominant spectral peak at 500 Hz. The STFT
(Figure 4h) shows sustained energy at S00 Hz, with weaker har-
monics at 1 kHz and 1.5 kHz, indicating nonlinearity, as such
overtones are absent in purely linear systems.** Similarly, under
600 Hz excitation, the membrane is actuated in 3 bursts, each
reaching a peak displacement of approximately 8 pm
(Figure 4i). The FFT (Figure 4j) confirms a dominant fre-
quency component at 600 Hz. The STFT (Figure 4k) displays
consistent spectral intensity at the fundamental frequency,
along with weaker harmonics at 1.2 kHz and 1.8 kHz. These
harmonic peaks originate from nonlinearities in the acoustic
excitation, while the variation in displacement amplitude across
frequencies reflects the viscoelastic and frequency-dependent
mechanical response of the cellulose acetate membrane.*>~%”
The maximum mechanoacoustic absolute sensitivity of the

membrane, calculated as 0.045 pm/Hz, corresponds to the
highest displacement response. These results indicate the mem-
brane’s suitability for acoustic sensing within the target cough
frequency ranges.

Across all excitation conditions, a persistent ~50 Hz peak is
present in the FFT and STFT spectra. This peak is independent
of the applied drive frequency and is therefore unrelated to
membrane motion, originating instead from mains (AC) cou-
pling within the excitation or sensing electronics.

To verify the experimentally observed membrane displace-
ment at the center, a COMSOL Multiphysics frequency-
domain simulation was performed on a drum-shaped single
cellulose acetate membrane under a uniform 90 dB SPL
(0.6 Pa) pressure load (Figure S6). The simulated displacement
closely matches the experimental results and confirms the
monotonic decline with increasing frequency, consistent with
operation in the mass-controlled regime, where the amplitude
decreases due to inertial and frequency-dependent damping
effects. The simulation also shows negligible displacement
below ~150 Hz, confirming that the experimentally observed
low-frequency peaks originate from the excitation system rather
than membrane modes.***’

In Vitro Assessment of the Green Cough Sense

Figure S presents a systematic investigation into the influence of
membrane motion on the resonance behavior of a patch
antenna under controlled acoustic excitation. Figure Sa illus-
trates the experimental characterization setup, which includes
the circuitry used to generate and control the acoustic excitation
signal delivered to the speaker, precisely regulating both the fre-
quency and amplification level. This setup also integrates the
VNA, which is connected to the DUT to monitor variations
in the reflection coefficient (|S,,|). The configuration enables
synchronized acoustic and RF measurement, ensuring accurate
tracking of antenna response during membrane vibration.
Figure Sb shows that the speaker, DUT, and reference micro-
phone were each mounted on dedicated stands at calibrated dis-
tances to minimize parasitic effects such as acoustic reflections
and electromagnetic interference. Single-tone excitations at
500, 550, and 600 Hz were applied through the speaker, and
the resulting changes in |S,;| were recorded using the VNA
operating in zero-span mode.

To maintain consistent acoustic pressure across frequencies,
the sound pressure level (SPL) was standardized to 90 dB
SPL (re. 20 pPa), as demonstrated in Figure S7. The calibrated
voltages applied to the amplifier circuit driving the speaker were
4.0 V for 500 Hz, 4.3 V for 550 Hz, and 4.8 V for 600 Hz, gen-
erating corresponding SPL values confirmed by the reference
microphone. As a baseline, control measurements were per-
formed with the speaker turned off to assess the system’s
response in the absence of acoustic excitation. The resulting
|S,| signal (Figure S8a) reflected the noise floor of the read-
ings, with FFT and STFT analyses (Figure S8b,c) confirming
the lack of spectral or temporal features. The reference micro-
phone data similarly showed no acoustic activity across time-
domain, FFT, and STFT representations (Figure S8d—f).

Figure Sc shows the time-domain variation of the S ;| over
100 ms under 500 Hz acoustic excitation. A high sampling rate
of 6.5 kHz was used to resolve the fundamental frequency and
its harmonics. The periodic modulation in |S,,|, matching the
2 ms period of the 500 Hz sound wave, indicates that the
membrane’s vibration dynamically alters the antenna’s
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Figure 4. Membrane displacement characterization under varying acoustic excitations using a confocal laser displacement sensing system.
(a) Custom-made experimental setup comprises an anechoic enclosure, a confocal displacement sensor, power amplifier circuitry, a signal generator,
and the data acquisition system. (b) Interior view of the anechoic chamber showing the spatial arrangement of the cellulose acetate membrane, loud-
speaker, and displacement sensor. (c) Time-domain membrane displacement measured via confocal sensing under 400 Hz acoustic excitation.
(d) Frequency-domain analysis (FFT) of the 400 Hz signal, highlighting a dominant peak at the excitation frequency. (e) Short-time Fourier trans-
form (STFT) depicting the temporal evolution and frequency characteristics of membrane vibration at 400 Hz. (f—h) Corresponding time-domain (f),
FFT (g), and STFT (h) analyses of membrane displacement under 500 Hz acoustic excitation. (i—k) Time-domain (i), FFT (j), and STFT
(k) representations of membrane displacement under 600 Hz acoustic excitation, illustrating fundamental frequency and harmonic components.

impedance. Figure Sd presents the FFT of |S,|, exhibiting
sidebands spaced at 500 Hz, indicative of amplitude modula-
tion induced by acoustic excitation. The amplitude modulation
depth is 0.08% of the carrier amplitude, corresponding to a sen-
sitivity of 0.13%/Pa. Figure Se displays the STFT of |S, |, reveal-
ing persistent 500 Hz modulation and a second harmonic at
1 kHz, confirming stable and nonlinear acoustic-electromagnetic
coupling in the DUT. This detuning disrupts the 50-Q match
and modulates the reflection coefficient, allowing the antenna
to passively shift between reflective and absorptive states and
thereby produce amplitude modulation suitable for backscatter-
based wireless interrogation. The measured 0.08% change in

|Syy| sets the differential reflection coefficient that determines
the strength of the wireless sidebands, and link-budget analysis
indicates that this modulation depth provides sufficient received
power and signal-to-noise ratio (SNR) for short-range micro-
wave readout.”*”® Based on this modulation depth and a repre-
sentative backscatter link budget, the expected wireless operating
distance is approximately 5—10 cm with compact reader anten-
nas in necklace- or collar-mounted configurations.””** The deri-
vation of the effective modulated radar cross section and the
corresponding interrogation range is provided in Note SS. On
the readout side, a practical implementation uses a compact
frequency-agile reader that performs a brief initialization sweep
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Figure 5. Characterization of the passive patch antenna-based device under single-tone acoustic excitation at S00 Hz. (a) Custom-made experimental
setup. (b) Internal configuration of the anechoic chamber showing the device under test (DUT), reference microphone, and speaker placement.
(c) Time-resolved measurement of the reflection coefficient magnitude of the DUT (|S,;|) captured by the VNA operating in zero-span mode with
a built-in 4 kHz bandwidth filter. (d) FFT analysis of the |S,,| reveals modulation frequencies around the carrier wave. (e) Short-time Fourier trans-
form (STFT) of the |S,,|, highlighting a 500 Hz modulation frequency and its second harmonic. (f) Voltage signal recorded from the reference
microphone simultaneously during the test. (g) Sound spectrum obtained via Audacity, displaying the fundamental acoustic tone at 500 Hz and
its second harmonic, verifying the accuracy of the generated single tone. (h) STFT spectrogram of the reference microphone output, illustrating

the persistence of the 500 Hz tone and its harmonic.

to locate the device-specific resonance, then locks the interroga-
tion tone to the steep flank of the |S,,| response to maximize
sensitivity. After locking, the reader operates at a single fixed fre-
quency and extracts the low-frequency amplitude modulation
through a standard RF front end comprising a loop or patch
antenna, a low-noise amplifier, and a detector or I/Q
demodulator.”>~

Figure 5f—h validates the acoustic excitation conditions using
the reference microphone. The time-domain signal in Figure 5f
confirms the presence of a stable waveform, while the
frequency-domain analysis in Figure Sg shows a strong 500 Hz
peak with a minor second harmonic. The STFT in Figure Sh fur-
ther confirms the continuous presence of the excitation. These
results verify that the reference microphone accurately captured
the 500 Hz sound from the speaker, ensuring the reliability of
the acoustic input during the |S,,| measurements.

Under acoustic excitation at 550 Hz and 600 Hz, the device
exhibits |S;;| modulation with clear spectral frequency

components matching the applied tones (Figure S9 and
Note S6). Sidebands observed in the FET further confirm
impedance modulation driven by the acoustic input. CST
modeling of +5 pm membrane displacement (Figure S10
and Note S7) shows a corresponding resonance shift, result-
ing in ~2 dB of |S;,| amplitude variation when monitored
in zero-span mode, validating the mechanism underlying the
measured acoustic modulation.

In Situ Assessment of the Green Cough Sense

To assess the performance of the Green Cough Sense system
under practical conditions, it was evaluated using real coughs
produced by a human subject (Figure 6a). The subject wore a
face mask integrated with the biodegradable device, accompa-
nied by a co-located commercial reference microphone used
to record the acoustic signature of each cough. Figure 6b pre-
sents the real-time |S,,| signal acquired in zero-span mode over
the course of the coughing session. Nine distinct cough events
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Figure 6. Evaluation of the green cough sense system for cough detection. (a) Photograph of a subject wearing the system and a co-located com-
mercial active microphone serving as a reference benchmark. (b) Real-time measurement of the |S,,| parameter in zero-span mode, capturing nine
discrete cough events characterized by abrupt signal fluctuations. (c) Short-time Fourier transform (STFT) representation illustrating the spectral
signatures of individual cough onsets over time. (d) Time-resolved |S ;| trace showing dynamic responses to three distinct cough types: mild, mod-
erate, and severe (n = 3 per each), recorded in zero-span mode. (e) STFT spectra corresponding to each cough type, revealing unique frequency

patterns that differentiate cough severity levels.

are evident, each corresponding to abrupt amplitude changes,
thereby demonstrating the sensitivity of the system to acoustically
driven perturbations. The corresponding STFT plot in Figure 6¢
provides a time-frequency representation of the same data, clearly
capturing the timing of each cough onset. However, due to the
extended 30-second acquisition window in zero-span mode, the
resulting low effective sampling rate (~50 Hz) limits the fre-
quency resolution and precludes detailed spectral characterization
of the cough sounds. A real-time recording capturing the temporal
alignment of cough onsets is provided in Movie S3.

To enable finer temporal and spectral resolution in the anal-
ysis of cough severity, the time span of the zero-span mode on
the VNA was reduced to 250 ms, thereby increasing the
effective sampling frequency to approximately 2.6 kHz. This
configuration enabled the reliable extraction of frequency com-
ponents up to 500 Hz without aliasing, which was crucial for
capturing the distinct spectral features of different cough types
in subsequent measurements.

Figure 6d,e provides complementary insights into the ability
of the system to distinguish between varying degrees of cough
severity—mild, moderate, and severe—based on both time-
domain and time-frequency responses. In Figure 6d, the time-

resolved |S,,| signals show clear, repeatable distinctions across
the three cough categories. Mild coughs produce relatively
small amplitude perturbations, reflecting limited membrane dis-
placement and lower acoustic pressure. Moderate coughs result
in more pronounced signal deviations with intermediate ampli-
tude levels. In contrast, severe coughs yield the largest ampli-
tude changes, accompanied by noticeable signal disruption,
indicative of stronger acoustic impulses and greater membrane
deflection. The recorded sound corresponding to each cough
event is presented alongside the Figure 6d traces in the
Supporting Information (Movie S4), enabling direct comparison
between the acoustic input and the electromagnetic response of
the system. Figure 6e highlights the distinct spectral profiles asso-
ciated with each cough severity. Mild coughs exhibit low-
frequency components primarily below 200 Hz, while moderate
coughs show increased spectral energy centered around 300 Hz.
Severe coughs display the broadest and most intense frequency
content, extending up to approximately 600 Hz and including
higher-pitched components. These results demonstrate that the
microphone can successfully capture and differentiate cough
events with varying severities, validating its potential for respira-
tory monitoring.
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In a practical deployment, the passive device would not rely
on zero-span measurements or short acquisition windows.
Instead, it would be interrogated continuously by a dedicated
RF reader transmitting a fixed continuous-wave carrier.”>%*
The reader’s in-phase and quadrature (IQ) or envelope demod-
ulation converts all membrane-induced amplitude and phase
variations into baseband, where both the primary cough-
induced modulation and its side peaks appear as distinct fre-
quency components.”® With standard low-pass filtering and
anti-alias conditioning, an analog-to-digital converter (ADC)
sampling at tens to hundreds of kilohertz can acquire the full
modulation spectrum without aliasing, enabling accurate real-
time reconstruction of cough signatures.95 Using separate
transmit and receive antennas, and optionally orthogonal polar-
ization, minimizes self-interference and ensures sensitive detec-
tion of the weak acoustically modulated backscatter.”®” This
architecture removes all sampling constraints associated with
VNA zero-span mode, enabling robust real-time respiratory
monitoring in practical settings.

Degradation of the “Green Cough Sense”

In line with the mission to achieve a zero-waste disposal at the
end of life for single-use devices, complete environmental bio-
degradation is essential.*>>**® To this end, the industrial com-
posting condition was simulated using a sealed chamber
containing water-saturated compost soil, integrated with

feedthroughs for water addition and gas extraction, and
equipped with a moisture probe for precise soil moisture regu-
lation (Figure 7a). Initial samples (Figure 7b) included the fully
assembled device alongside strips of its constituent materials:
zinc, PLA, and CA. PLA-based face mask and full device were
partially embedded in soil to compare in-soil and above-soil
degradation (Figure S11a,b). To quantitatively assess the degra-
dation behavior, time-dependent weight loss was measured for
both the full device and individual material strips. The results
are presented in Figure 7¢, showing a steady reduction in mass
over 40 days under composting conditions. Biodegradation of
the full device under simulated industrial composting condi-
tions proceeded in a time-dependent manner. As shown in
Figure 7d, after 10 days, the device exhibited visible signs of
early degradation, including surface wrinkling, delamination,
and color change in the PLA lamination pouch. This discolor-
ation suggests thermal and hydrolytic stress affecting the PLA
layer, which begins to degrade through hydrolysis of its ester
bonds under high humidity and elevated temperature.
Simultaneously, the CA layers within the device likely under-
went initial hydrolytic deacetylation, making them more hydro-
philic and vulnerable to further breakdown. By 20 days
(Figure 7e), the PLA lamination layer had fully fragmented
and delaminated from the device, indicating advanced hydro-
Iytic degradation. The underlying cellulose acetate likely prog-
ressed from hydrolysis to microbial breakdown, while

t=0day

Moisture
sensor

Strips of ¢
various films/ 48

Full
device

Water-saturated
compost soil

a

Zinc PLA CA

«@= Full device

3.3 =@= Material strips

Device weight (g)
Strips weight (g)

Figure 7. Simulated industrial composting conditions for the degradation of the device. (a) Custom-built setup mimicking industrial composting
conditions. (b) Full device and strips of various films (zinc, PLA, and cellulose acetate) prior to degradation (t = 0 days). (c) Plot illustrating weight
change over time for the full device (blue) and material strips (red), confirming gradual degradation under composting conditions (70 °C,
>90% humidity). (d—g) Photographs of the full device after 10, 20, 30, and 40 days of composting, showing progressive physical degradation.
(h—k) Photographs of individual material strips (zinc, PLA, and CA) after 10, 20, 30, and 40 days of composting, highlighting time-dependent deg-

radation behavior.
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structural failure was evident along the device edges. Similar
hydrolysis and microbial-driven degradation behaviors in PLA
and CA under composting or moist thermal conditions have
also been reported in previous studies.”” !> By 30 days
(Figure 7f), the CA membrane was fully dissolved, cracks
appeared in the CA resonator substrate, and the zinc layer
was partially degraded. As shown in Figure 7g, after 40 days,
the CA substrate of the acoustic resonator was degraded, and
the total weight of the device decreased by 65%.

In parallel, the degradation of individual material strips,
including zinc, PLA, and CA, was monitored under the same
composting conditions. As shown in Figure 7h (10 days), zinc
exhibited initial surface oxidation, PLA became opaque, and
CA showed visible wrinkling, indicating early-stage hydrolysis.
By 20 days (Figure 7i), degradation had advanced: zinc showed
further oxidation and surface dulling, PLA became embrittled
and partially fragmented, and CA exhibited increased brittleness
and surface disruption, consistent with a transition from hydro-
Iytic deacetylation to microbial degradation. These observations
align with the weight loss trends in Figure 7¢, confirming effec-
tive and time-dependent degradation of all constituent materials
under simulated industrial composting conditions.”* By 30 days
(Figure 7j), the PLA strips were largely degraded in the soil,
while the CA and zinc strips appeared more fragmented, indi-
cating continued breakdown and material disintegration. By
40 days, as presented in Figure 7k, only small remnants of
the CA and zinc components remained. These fragments
exhibited markedly reduced volume and extreme mechanical
fragility, such that even minimal physical force caused them
to disintegrate into powder. This observation underscores the
advanced stage of degradation for both materials. The mass
of the full device decreased by 73% after 70 days
(Figure Sl1c) and by over 90% after 100 days (Figure S11d),
indicating almost full biodegradation and alignment with a
zero-waste end-of-life cycle.

Table S2 (Supporting Information) compares our system
with state-of-the-art mask-integrated audio sensors, emphasi-
zing the distinctive advantages of our approach: a fully passive
architecture, construction from entirely biodegradable materials,
a sustainable fabrication process, and the capability for wireless
readout without relying on non-biodegradable on-board batte-
ries or electronics.

Bl CONCLUSIONS

We report the simulation-assisted design, fabrication, character-
ization, and validation of Green Cough Sense—a biodegrad-
able, battery-free, passive microphone-integrated smart face
mask for unobtrusive, real-time cough monitoring and extrac-
tion of acoustic signals for pulmonary healthcare. Acoustic
sensing is achieved via microwave interrogation of a
membrane-integrated patch antenna whose reflection coeffi-
cient is mechanically modulated by sound-induced vibrations,
eliminating the need for on-board batteries and non-
biodegradable components that are prevalent in current mask-
integrated monitoring systems. The device is fabricated entirely
from sustainably sourced materials, including cellulose acetate
(CA), poly(lactic acid) (PLA), and zinc, utilizing a solvent-
free laser micromachining process and a low-temperature lami-
nation technique. The mechanical stability of the laminated
bilayers of CA and PLA was systematically investigated, con-
firming robust interfacial bonding essential for reliable device

operation. Dielectric spectroscopy confirmed the low electro-
magnetic loss properties of the selected dielectrics within the
operating frequency range (~6 GHz), constrained by the size
requirements for face mask integration; this low-loss behavior
contributes directly to the high quality factor and narrowband
performance of the patch antenna.

The multilayer structure is characterized using a vector net-
work analyzer (VNA) connected via a coaxial cable, following
standard practice for measuring the resonance frequency and
reflection response of passive tags. Environmental humidity
and bending induce predictable, quantifiable shifts in resonance
frequency, indicating stable performance under realistic wearing
conditions. Additionally, the effects of environmental humidity
and device bending on the resonance frequency were examined,
and the resulting shifts in resonance frequency were charac-
terized, demonstrating the resilience and stable performance
under realistic wearing conditions. Experimental investiga-
tions measured and confirmed the CA membrane displace-
ment under acoustic excitation and demonstrated robust
acoustic—electromagnetic coupling: the vibration of the laser-
patterned drum-like membranes under cough sound modulates
the reflection coefficient of the antenna, which was tracked in real
time using the zero-span capability of a VNA. In this work, we
also showed in situ validation of the system for detecting cough
events and distinguishing between mild, moderate, and severe
cough severities based on distinct acoustic frequency signatures.
Furthermore, biodegradation studies conducted under simu-
lated industrial composting conditions validated the 90% weight
loss of the device after 100 days, ensuring a zero-waste end-of-
life scenario.

For everyday use, the interrogation scheme still requires fur-
ther development. Currently, readout relies on a wired bench-
top VNA and therefore does not assess wireless performance
or compact reader implementations. Future work should

address this challenge.
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