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Wearable electronics, such as smart textiles, are of potential use in
healthcare monitoring, human-machine interfaces and environmental
analysis. However, the scalability and reliability of the technology is

restricted due to challenges related to rapid material degradation, potential
toxicity, high production costs and heavy computational workload. Here
wereport anacoustic-based smart textile technology. The approach, which
we term SonoTextiles, uses piezoelectric transducers that are mounted
atboth ends of glass microfibres and act as transmitters and receivers of
acoustic waves. The flexible glass microfibres act as acoustic waveguides
and areembedded into the textile substrate, providing precise sensing by
measuring wave propagation and energy loss along the fibre in response

to stimuli such as touch and bending. We also use acoustic frequency
selectivity and frequency-domain signal processing algorithms to enhance
computational efficiency. Our acoustic textile is breathable, durable

and stable under thermal fluctuations, and we show that it can be used in
distributed tactile sensing, hand gesture recognition and respiratory rate

monitoring.

Wearable electronics, such as smart textiles sensors, can enhance
real-time interaction and perception across various environments'®,
Textile sensors can, in particular, be used for in situ healthcare moni-
toring, human-machine interfaces and environmental analysis® .
Such textiles involve the integration of sensing technologies with
fabric bases®”. A variety of functional materials can be used to create
these systems, including electromagnetic, piezoelectric®, triboelec-
tric'® and magnetoelastic” materials, which are fabricated within the
fibres through manufacturing techniques such as coating, spinning,
printing and thermal drawing'® >, Acting as yarns, these functional-
ized fibres are spun into smart textiles by weaving, knitting or other
structuring means’.

Whenincorporated into everyday clothing, the textiles can detect
physiological and environmental factors such as pressure, strain,
humidity, temperature and sound, and they should, ideally, be breath-
able, flexible and lightweight?*~%, Smart textiles can be designed to
harvest energy from environmental sources' and physical activities
(such as body movements)™ to power sensors and other electronic
components®*?. These textiles can also be designed to emit optical or

acoustic signals, providing real-time interaction between the wearer
and external systems'*"2,

For smart textiles to be of wider practical value, they must be
washable, robust, safe, non-toxic and cost-effective®*°. However, the
functional materials typically suffer from rapid degradation, which
complicates their integration into garments that undergo frequent
friction and washing””'. Furthermore, complex manufacturing pro-
cesses and the use of rare raw materials leads to high costs™. The use
of materials such as graphene nanoribbons?, polypyrrole” and barium
titanate' also creates potential health risks and requires extensive tox-
icity evaluations™, particularly for wearable applications targeted at
children or pregnantindividuals. Moreover, efficient in-situ computing
is crucial for smart textiles, especially for array-based sensory systems
that handle large data volumes®*.

Acoustic technologies can offer non-invasive monitoring, bio-
compatibility, cost-effectiveness, versatility and straightforward
integration'®*, and smart textiles based on acoustic technologies
have previously been used in human-machine interfaces and bio-
monitoring. For example, piezocomposite single fibres woven into
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ashirt have been used to measure the direction of acoustic impulses
and facilitate bidirectional communication between similar garments,
enabling the auscultation of cardiac sound signals'®. However, the
approach involves complex fabrication processes to form the nano-
structured piezoelectric composites and the fibres'®. As an alternative,
anall-nanofibre mechano-acoustic sensor based on astandalone thin
film has been used for the continuous monitoring of mechano-acoustic
heart signals®®. The approach demonstrated high mechanical robust-
ness and consistent performance, but functioned as astandalone thin
film, without integration into textiles. A key advantage of acoustic
sensors s their frequency selectivity**®, which can provide a selective
response®*’, channel frequency multiplexing*® and out-of-band noise
suppression*.

In this article, we report an acoustic-based smart textile for
human-machine interactions and healthcare monitoring. The tech-
nology, which we term SonoTextiles, uses piezoelectric transducers
(PZTs) mounted at both ends of glass microfibres to transmit and
receive acoustic waves. The flexible glass microfibres act as acous-
tic waveguides and are embedded into a textile substrate to provide
guided propagation of acoustic waves. The textile detects external
stimuliin real time by measuring acoustic wave attenuation and energy
loss within the fibre waveguide. We use acoustic frequency selectiv-
ity and frequency-domain signal processing algorithms to reduce
system complexity and improve computational efficiency. We also
incorporate frequency division multiple access (FDMA), which is a
technique with dedicated frequency band allocation that is widely used
in telecommunications*, to reduce the number of sensors, electrical
connections and wires required for distributed sensing applications.
We show that the smart textile can be used for tactile sensing, hand
gesture recognition and respiratory rate monitoring. Our approach
is based on a cost-effective design that avoids complex manufactur-
ing processes and advanced functional materials. The system is also
breathable, durable, thermally stable and safe.

Acoustic waveguide for smart textile sensing

Awaveguideis adevice designed to direct waves along a predetermined
path, effectively confining them to minimize energy loss over dis-
tances®. SonoTextiles operate on the principle of propagating acous-
tic waves, predominantly Lamb waves, within glass microfibre
waveguides***. The acoustic energy loss during this propagation is
sensitive to external stimuli, allowing the textile to function effectively
asasensing platform. The smart acoustic textiles distribute microfibre
waveguides on everyday clothing as a wearable electronic device to
complete various sensing and interactive applications, such as tactile
sensing, smart gloves and respiratory monitoring (Fig. 1a). Todemon-
strate the mechanism, we first configured our systemas asingle-input
single-output (SISO) system (Fig. 1b). The SISO system primarily com-
prises atransmitting PZT (7,), areceiving PZT (R,), aglass microfibre
andthetextile substrate. The T, performs electroacoustic conversion,
whereasthe R, performs acoustoelectric conversion (see Methods for
more details). The glass microfibre, woven into the textile substrate,
is connected at one end to the 7, PZT and at the other to the R, PZT,
serving as the waveguide for T,-generated acoustic waves. When exter-
nal stimuli, such as applied pressing forces from physical touch or
contact, are applied to the smart textile, any resultant changes in the
amplitude or energy of the received acoustic signal are detected by
the R, PZT, asshownbythe decayinacoustic wave amplitudein Fig. 1b.
Specifically, acoustic waves in the microfibre waveguide attenuate and
undergo significant energy loss due to the contact between glass micro-
fibres and yarns or skin. Building on this foundational principle, we
have developed various systems with specific functions, such as the
fibre-array tactile sensing interface illustrated in Fig. 1c. The thin and
flexible glass microfibres are integrated into the textile substrate along
both warp and weft directions, forming a distributed tactile sensing
interface where eachintersectionserves asan addressable touchpoint.

Based onvarious applications, the layout of the glass-fibre waveguides
canbe customized with unique features to create diverse smart textile
systems. Figure 1d shows an image of the SISO system, where the T,
and R, PZTs can be seen, as well as the glass microfibre connected to
the PZTs and woveninto the black textile substrate (see Supplementary
Fig.1for more details). Figure 1e shows a fibre-array tactile sensing
interface that features 16 touchpointsarrangedin a4 x 4 grid.

To elucidate the mechanism and functionalities, we conducted
tests using the SISO system as our initial framework. We first evaluated
the propagation of sinusoidal acoustic waves at different frequencies
(Supplementary Fig. 2). The evaluationis divided into two cases: using
the SISO system of asingle fibre without textile (Fig. 2a); and using the
SISO system with a textile substrate (Fig. 2b). Our results showed that
the T, and R, signal amplitudes were directly proportional across the
tested frequencies 0f100,101,102 and 103 kHz, suggesting the feasibil-
ity and robustness of the proposed microfibre waveguide for acoustic
propagation within awide frequency band (Fig. 2c,d). These frequen-
cies were chosen based on the impedance characterization results of
the selected PZT transducers for better piezoelectric performance
(Supplementary Note 1and Supplementary Fig. 3). Because the contact
between the fibre and yarn causes more acoustic energy loss, the R,
amplitudesinFig.2d are significantly lower than those in Fig. 2c. How-
ever,bothshow consistent and reliable input-output characteristics.
Furthermore, when holding the 7, amplitude constant, we observed
thatafrequency of 101 kHz produced ahigher R, amplitude compared
withthe other selected frequencies. We attribute this to the resonance
peaks in the PZT impedance characterization results. When multiple
frequencies are used simultaneously, different 7, amplitudes can be
adjusted through excitation voltages to ensure consistent R, amplitude
between the channels. Moreover, to further verify the robustness of
the acoustic wave propagation mechanisminthe fibre waveguide, we
assessed the input-output characteristics of the SISO system under
various weaving conditions on the same black textile substrate (Sup-
plementary Fig.4).

External forces, including pressing and bending, are common
stimuli to which smart textiles must respond. To explore this, we ini-
tially investigated the impact of external pressing force on the SISO
system by applying a single finger-touch, (Fig. 2e). The mechanism of
pressing force sensing is shown in Fig. 2f. Contact between the finger
and the glass fibre results in acoustic energy dissipation. In addition,
the contact between the fibres and the yarns increases with touch,
causing further energy loss. As shown in Fig. 2g, we observed that the
R, peak-to-peak amplitude decreased from 65.0 to 6.7 mV (that is, an
energy loss of 19.7 dB, see Methods for the calculation) as the applied
pressing force increased from 0 to14.7 N (Fig. 2e), demonstrating the
sensitivity of the SISO system to external pressing forces (see Supple-
mentary Fig. 5 for the experimental set-up). This SISO system notably
exhibited exponential decay in amplitude during the initial phase of
increasing pressing force, as indicated by the steep downward slope
ofthe curveinFig.2g. Asthe pressing force increased from0to 7.8 N,
the R, peak-to-peak amplitude decreased from 65.0 to 11.0 mV, result-
ing in an energy loss of 15.5 dB. By contrast, when the pressing force
increased from 7.8 to 14.7 N, the R, peak-to-peak amplitude further
dropped from11.0to 6.7 mV, with an energy loss of 4.3 dB. This shows
that the textiles are highly sensitive to small-value external stimuli.

The capacity of a flexible wearable system to detect self-bending
enhancement can be usefulin monitoring human physiological states.
Figure 2h demonstrates the SISO textile system’s detection of bending
angles. Bending-induced elastic deformation and the force exerted on
the glass microfibre enhance the contact stress between the fibre and
yarns, thereby increasing acoustic energy loss, as illustrated by the
schematic analysis in Fig. 2i. The relationship between bending angle
and R, signal amplitude is shown in Fig. 2j, demonstrating the SISO
system’s ability to detect its self-bending. From the change in the slope
ofthe curveinFig. 2j, we observed that the SISO system s particularly
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Fig. 1| Smart textiles using glass-fibre acoustic waveguides. a, Concept of the
proposed smart acoustic textiles. The acoustic waves transmitted and received
by the PZT transducers will propagate along the microfibre waveguide woven in
the textile, completing various wearable sensing and interactive tasks.

b, Illustration of a basic SISO system. The acoustic wave generated by the
transmitting PZT (T,) is transmitted through the waveguide of the glass
microfibre to the receiving PZT (R,). Acoustic waves in glass fibre experience
natural attenuation due to contact with the yarn. When external stimuli, such as
touch or bending occur, this contact is increased and brings additional acoustic

b
Acoustic ~ Glass
TPzt waveguide w) ~ microfibre Ry
S - -
Stimulus
Energy loss
.%mhwmhwmw
R, Amplitude
T, Amplitude
(] Multichannel addressin

energy loss, as reflected by the R, amplitude. ¢, lllustration of a tactile sensing
array using a MISO pattern along both weft (latitude) and warp (longitude). The
R, can determine which T, the acoustic wave is coming from based on the
assigned frequency and can detect the coordinate being touched. See Fig. 3 for
more information. d, Image of a SISO system. The glass fibre iswovenintoa
textile substrate. e, Image of the sensing array. Four warp fibres and four weft
fibres form a4 x 4 textile sensing array with a total of 16 touchpoints. Scale bars,
10 mm. Credit: manin a, halayalex, Freepik.com; handiconinb, Freepik.com.

sensitive between bending angles of 90°and 120°, where the R, signal
experienced an energy loss of 13.2 dB as the bending angle increased
from 87°to122°. The ability to sense external stimuli enables the expan-
sionof the SISO system to include more complex acoustic textiles such
asfibre-array tactile interfaces, smart gloves and physiological moni-
toring systems.

Fibre-array tactile sensing interfaces

The sensing capability of the foremost SISO systemis limited to aone-
dimensional glass-fibre path and does not meet the two-dimensional
requirements needed for many wearable devices. A viable solution to
overcome this drawback involves arranging multiple independent
SISO systems into a two-dimensional textile matrix. However, this
approach necessitates a substantial increase in the number of PZTs,
both as T, and R,, increasing both system complexity and cost.
To overcome this, our design integrates a multi-input single-output
(MISO) system architecture withmultiple inputs (7, PZTs) and asingle
output (R, PZT), aligned along the warp and weft directions (Fig. 1c).
The MISO configuration allows multiple acoustic waveguides to be

distributed across the textile substrate inboth longitude and latitude
directions, creating a two-dimensional sensing interface. Not only
does this enable basic sensing of external stimuli using a single wave-
guide but it also facilitates detailed analysis of data across both axes
to accurately pinpoint stimulation sites within the two-dimensional
sensory array. However, a challenge in the MISO architecture arises
when the signal at the R, PZT comprises a superposition of multiple
T, signals, resultingintemporal overlap and interference. Addressing
thisissue requires the development of an alternative and suitable sig-
nal processing strategy.

FDMA, whichis afoundational technology intelecommunications,
assigns unique frequencies to multiple channels to enable simultane-
ous transmission without interchannel interference*’. As we show in
Fig. 2¢,d, our smart textile has stable input-output performance at
100,101,102 and 103 kHz, which can be used for FMDA addressing. In
the proposed MISO architecture, FDMA allocates those distinct fre-
quencies to each glass-fibre waveguide in both the warp and weft direc-
tions. This implementation of FDMA enables fast Fourier transform
(FFT)-based array addressing computations in the frequency domain,
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Fig. 2| Characterization of the smart acoustic textiles. a, Image of the glass
microfibre. The natural drooping state of the fibre illustrates its flexibility and
elasticity. The fibre acts as the acoustic waveguide between the T,,and R, PZTs.
b, Image of a SISO system with the fibre woven into ablack textile substrate. The
substrate is composed of a two-thirds cotton and one-third polyester blend. The
smartacoustic textile is flexible. ¢, Plot of R, reception versus T, transmission
peak-to-peak amplitude in the SISO system (without textile substrate) at different
signal frequencies. d, Plot of R, reception versus T, transmission peak-to-peak
amplitude in the SISO system (with textile substrate) at different signal
frequencies. e, Illustration of the application of external pressing force (F,) by a
finger on the SISO system. f, Principle analysis of acoustic energy loss caused by
Fy. The touch not only causes energy dissipation at the contact point between the
finger and fibre, but also increases the contact stress between fibre and yarns,

Bending angle, a (°)

resultingin more energy loss, as reflected by the T, amplitude (A;) and R,
amplitude (4p). g, Plot of R, reception peak-to-peak amplitude versus F,. The data
has been smoothed with a moving average to highlight the trend. The shaded
regionindicates higher sensitivity during the initial increase in Fy. h, Illustration
of bending angle perception by the SISO system. i, Principle analysis of acoustic
energy loss caused by the bending. The elastic deformation of glass microfibre
increases contact forces between the fibre and yarns, leading to significant
acoustic energy loss. j, Plot of R, reception peak-to-peak amplitude versus
bending angle (a). The shaded regionindicates higher sensitivity within this
bending angle range. The datainc, d, g and jwere collected under static
conditions. The oscilloscope used to measure datain ¢, g and jhas asmall error
(8-bitamplitude resolution, that s, 1/256 of the full scale). Scale bars, 10 mm.
Credit: fingericoninf, Freepik.com.

resolving the issue of multichannelinterference of the superimposed
signalin the time domain, while only using one R, PZT receiving signal.
Eachfrequencyis characterized by specific power or amplitude levels
acrossthefrequency spectrum, evaluated through FFT-based computa-
tions, inthe reception end of the warp and weft R, PZTs.

When exposed to external stimuli, suchastouch, afibre waveguide
inthe affected channel shows anacousticenergy loss, whichis typically
greater than 6 dB, corresponding to a 50% reduction in amplitude
compared with unaffected channels. To validate our approach, we
conducted aMATLAB based simulation on afour-channel MISO system
(Supplementary Fig. 6). This simulation employed short-time Fourier
transform, which is essentially FFT applied with a window function,
to provide detailed time-frequency analyses. We modelled both the
stationary state and scenarios where the second channel experienced

energy losses of 6 and 18 dB due to external stimuli. The lower peaksin
single-sided amplitude spectra, along with diminished band brightness
in time-frequency spectrograms, conclusively identified the second
channel (101 kHz) as affected by external stimuli, demonstrating the
efficacy of FDMA addressing (Supplementary Fig. 6).

We developed awearable fibre-array tactile sensing system based
onthe FDMA-based MISO architecture. We integrated four glass fibres
into ablack textile substrate along both the warp and weft, forming a
4 x 4 sensing array with 16 touchpoints (Fig. 3a). This tactile sensing
textile retains the substrate’s inherent flexibility and breathability
(Supplementary Videos 1 and 2). Furthermore, we configured a 4 x 4
array within a10 mm by 10 mm square, (Fig. 3b). This compact minia-
turearray, approximately the size of ahuman fingernail, addresses the
challenges associated with small-scale wearable devices.
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Fig. 3| Acoustic fibre array as a wearable tactile sensing interface. a, Image of
the fibre-array acoustic textile with 16 touchpointsina4 x 4 grid. b, Image of a
smaller fibre-array acoustic textile, also with 16 touchpoints. Its core array
sensing area measures only approximately 10 mm by 10 mm, whichis about the
size of ahuman fingernail, as indicated by the dashed box. ¢, Schematic diagram
of the 4 x 4 fibre-array acoustic textile system. Touch or a pressing force will
affect acoustic wave propagation in specific channels along the warp and weft
directions. The pressed point, indicated by the red dot, is at coordinates (4, 3).
d, FFT-obtained single-sided amplitude spectra of R, 1and R, 2 when the point
with coordinates (2,1) is pressed. The frequency f, along the weft direction and
the frequency f; along the warp direction are blocked, and hence the peaks
corresponding tof, (R, 1) andf; (R, 2) are nearly absent. e, Comparison plots of
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the number of sensors versus the array size between the MISO SonoTextiles array
and the dot matrix array for an array with n x ntouchpoints. f, Images, time-
frequency spectrograms and FDMA addressing results for three different tactile
sensing cases involving the 4 x 4 array system. Images on the left depict the
number of pressing points applied: one, two and four, respectively.
Corresponding spectrograms are shown in the middle column. The right column
displays FDMA addressing matrices indicating the tactile perception results.
Frequencies with normal amplitudes are designated with 1, whereas frequencies
with significant energy loss (greater than 6 dB) are indicated by 0. Whenboth the
weftand warp directions exhibit O, represented as 00 in the matrix, the
corresponding coordinates signify the perceived touchpoint by this tactile
sensing array. Scale bars, 10 mm.

Figure 3c shows aschematic of the 4 x 4 array, with MISO systems
featuring four waveguide channels per axis. Each axis features four
waveguide channels, each assigned aunique frequency—f,,£5,.f;andf,
at100,101,102and 103 kHz, respectively, using the same PZT transduc-
ersasinFig. 2. Computations for the signals received by R, 1and R, 2
are conducted separately, enabling simultaneous use of all frequencies

across both directions. FDMA addressing is achieved by evaluating the
amplitude of each frequency received by the two R, PZTs in the fre-
quency domain.

External stimuli, such as touch or a pressing force, candisrupt the
propagation of acoustic waves within specific channels and potentially
stop them entirely. Figure 3d shows the FFT-derived single-sided
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amplitude spectra of R, 1and R, 2, resulting from a pressing force
applied at coordinates (2, 1). The pressing force almost completely
obstructed the waveguide in the weft (R, 1) channel 2 at frequency
101 kHz (f,), resulting in the near absence of the corresponding 101 kHz
peakinthe spectrum with an acoustic energy loss of 21.9 dB. Similarly,
the same pressing force affected wave propagation in the warp (R, 2)
channell, leading to the absence of the corresponding spectrum peak
(f) withanacoustic energy loss 0of 19.6 dB. Analysis of datafrom R, 1and
R, 2 enabled the identification of pronounced acoustic energy loss in
weft channel 2and warp channel1, and pinpointed the touched coordi-
nateas (2,1). This confirms theimplementation of afundamental FDMA
addressing scheme withinthe tactile perceptioninterface of this array.
Unlike traditional dot matrix arrays, which necessitate data com-
putation for each sensor at every touchpoint, this FDMA-based MISO
architecture simplifies processing by requiring frequency-domain
computation for signals from just the two R, PZTs, enhances data pro-
cessing efficiency. In addition, MISO systems can streamline the array
systemby using fewer sensors, which thusreduces the need for extensive
electrical connections and wiring. Figure 3e shows comparison plots of
the number of sensors versus the array size between the MISO SonoTex-
tilesarray and the dot matrix array. For anarray with n x ntouchpoints,
the SonoTextile needs 2 x (n + 1) sensors, whereas the traditional dot
matrix approach needs n x n sensors. As shown in the inset of Fig. 3e,
when n exceeds three, the number of sensors needed in the dot matrix
array is greater than that in SonoTextiles. Moreover, it is foreseeable
that in larger-scale arrays, as n increases, the difference will become
increasingly pronounced because n x nrises exponentially, demonstrat-
ingthe advantages of the smartacoustic textiles in terms of simplifying
system complexity by employing fewer sensors and thus reducing
electric connections and wires (see Supplementary Fig. 7 for details).
We subsequently conducted comprehensive tactile perception
experiments using the 4 x 4 array textile. Figure 3f displays images,
time-frequency spectrograms and FDMA addressing results fromthree
different tactile sensing scenarios involving both single and multiple
pressed touchpoints. Pressing at (2, 1) yielded spectrograms for R, 1
and R, 2that were consistent with those showninFig.3d,e, respectively,
with significantenergy loss at 101 kHz (weft) and 100 kHz (warp). Simi-
larly, pressing simultaneously at points (2, 3) and (2, 4), as well as at
four points (2,2),(2,3),(3,2)and (3,3), produced corresponding spec-
trograms and FDMA addressing matrices that accurately detected all
touched coordinates. The full results of these touch perception experi-
mentsonthe 4 x 4 array are shown in Supplementary Video 3.

SonoGloves for hand gesture recognition

The hand, an integral sensory and executive body part, continues to
beakeyfocusintheresearch of wearable technologies. Here we devel-
oped the SonoGloves that employs acoustic smart textiles to detect
finger bending and facilitate hand gesture recognition. A basic SISO
version of the gloveis illustrated in Fig. 4a, with amore detailed sche-
matic presented in Supplementary Fig. 8. A single glass microfibre is
integrated along the index finger of the glove. The glove is equipped
with T, and R, PZTs, enabling the transmission and reception of acous-
tic waves.

The glove can perceive index finger bending (Fig. 4b,c). Notably,
when the finger bends, the fibre waveguide undergoes significant
acoustic energy loss due to both self-bending (Fig. 2i) and the contact
pressing force between the finger joint and glove. Figure 4c shows the
relationship between the bending angle of the finger and the R,
peak-to-peak amplitude. Maintaining a constant T, signal amplitude,
we show thatasthe bending angle increases from 0 to 85°, the acoustic
wave attenuates and decays exponentially, eventually leading to
near-complete blockage of wave propagation and an acoustic energy
loss 0f18.8 dB.

Further advancing our technological suite, we introduced the
gloves in a MISO system architecture (Fig. 4d,e and Supplementary

Fig. 8). This variant integrates glass microfibres extending across all
five fingers, each linked to one of five identical T, PZTs, which collec-
tively converge atasingular R, PZT. Thefive T, PZTs are set to operate
at distinct frequencies, enabling FFT-based FDMA addressing in the
frequency domain:175 kHz for the smallest finger, 177 kHz for thering
finger, 179 kHz for the middle finger, 181 kHz for the index finger and
183 kHzfor the thumb. The operating frequencies here are higher than
those used earlier, as asmaller-sized PZT transducer was employed to
fit the dimensions of gloves (see Methods and Supplementary Note 1
for details). This design ensures the glove’s flexibility, preserving the
natural dynamics of hand movement for enhanced functionality.

Withits MISO architecture, our acoustic smart glove can be used
for interactive wearable applications, such as hand gesture recogni-
tion and potential sign-to-speech translation. We tested the glove’s
capability to discern numerical gestures from zero to five (Fig. 4f).
For example, in the gesture for ‘T, the index finger is extended while
the other four fingers remain clenched and wave propagation occurs
exclusively through the index finger’s channel. The corresponding
time-frequency spectrogram, marked by a distinct band at 181 kHz
specific totheindex finger, is shownin Fig. 4f. Similarly, for the gesture
representing 2, only the middle and index fingers are extended, facili-
tating wave propagation through these specific channels, as evidenced
by two bands at 179 and 181 kHz in the spectrogram. Gestures for ‘0’,
‘3, ‘4’ and ‘5’ accordingly show zero, three, four and five highlighted
bandsintheir respective time-frequency spectrograms (Fig. 4f), each
aligning with the number of extended fingers.

Physiological monitoring
Wearable flexible electronics, designed for prolonged contact with
the body, are ideal for real-time physiological monitoring. Using our
smart acoustic textile technology, we have developed systems for
monitoring arm muscle activity and respiratory rates, essential for
contexts such as patient rehabilitation and athletic training. For exam-
ple, Fig. 5a demonstrates an application of a muscle state monitoring
with aSISOacoustic textile systemwoveninto a close-fitting garment.
This set-up tracks the expansion and relaxation of arm musclesinreal
time. When muscles such as the biceps brachii tense, they partially
expand, increasing the contact pressing force between the skin and
the acoustic textile, thereby enhancing acoustic wave propagation
loss. Conversely, when muscles relax, the contact pressing force
decreases, leading to reduced propagation loss. Figure 5b depicts
time-frequency spectrograms of the R, received signals during states
of muscle relaxation and tension, revealing a 25.6-dB energy loss in
tense states compared with relaxed ones. The difference between the
two spectrograms enables the real-time determination of muscle sta-
tus. Figure 5c demonstrates continuous monitoring of the biceps bra-
chii in periodic motion, showing that the R, amplitude varies
periodically, with an average acoustic energy change of 25.0 dB.

Another critical application is the real-time monitoring of res-
piratory rate, which is particularly vital for patients with respiratory
ailments such as asthma. Figure 5d provides a schematic of abdominal
breathing, which shows cyclical fluctuations with diaphragmatic move-
ments during respiration. A SISO system, similar to the muscle monitor-
ing set-up, leverages these rhythmic expansions and contractions for
detailed respiratory monitoring, as detailed in Supplementary Fig. 9.

Our SISO system woven into the abdominal region of aform-fitting
shirt, captures breathing patterns (Fig. 5e and Supplementary Video
4). Time-frequency spectrograms of the R, received signals, as illus-
trated in Fig. 5f, delineate the phases of exhalation and inhalation,
revealingal4.4-dBenergy loss during inhalation. Furthermore, Fig. 5g
highlights the monitoring of abdominal movements during periodic
breathing, in which the R, amplitude exhibits periodic variations, with
anaverage acoustic energy loss of 15.2 dB.

Figure 5hfurther demonstrates continuous monitoring and diag-
nosis of abnormal respiratory rates, such as tachypnea or bradypnea.
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Fig. 4| Smart gloves for hand gesture recognition. a, Image of asmart glove
using a SISO acoustic waveguide. The single glass fibre is woven into the textile
substrate along the index finger. The white circular components are 7, and R,
PZTs for acoustic wave transmission and reception. b, Schematic representation
of index finger bending sensing using the smart glove. ¢, Plot of finger bending
angle (0) versus R, peak-to-peak amplitude of the smart glove, showing a
correlation. Data are presented as mean + s.d. (n = 5) using the same glove, with
uncertainty primarily arising from slight, unavoidable finger movements during

repeated measurements. d, Illustration of gloves equipped with a MISO system.
e, Image of the smart glove. Integrated glass microfibres run along the five
fingers, and the five T, PZT elements are allocated different operating
frequencies. f,Images of hand gestures performed with the smart glove for
gesture recognition applications, along with the corresponding time-frequency
spectrograms of R, received signals. The R, spectrograms accurately indicate
the six gestures. Scale bar, 10 mm.

The smart textile accurately responds toabdomen movements during
breathing by capturing real-time variationsin the R, signal amplitude.
The periodicity of the R, signal amplitude curve directly reflects the
observed respiratory rate (Fig. 5h). In a 40-second test, the subject
maintained anormal respiratory rate of 18.5breaths per minute (BPM)
for thefirst 25 seconds, followed by accelerated breathing to simulate
tachypneaat46.5 BPM. This test showcases the SISO system’s capability
to effectively monitor respiratory rates in real time when integrated
intoagarment. Inaddition, we noted that during simulated tachypnea
(Fig. 5h), the fluctuation range of the R, amplitude was reduced com-
pared with the normalsstate. Specifically, the average fluctuation range
ofthe R, amplitude was 30.0 mV under normal conditions, whereas it
decreased to just 18.1 mV during tachypnea. Rapid breathing results
inless pronounced abdominal movements, recorded as alower ampli-
tude. These more subtle fluctuations could offer a valuable additional
diagnostic tool for identifying respiratory abnormalities.

Conclusions

We reported an acoustic-based smart textile platform for human-
machine interactions and physiological monitoring. Our smart textile
incorporates acoustic waveguidesin microfibres with transmitting and
receiving PZTs. Theacoustic energy loss during acoustic wave propaga-
tion is sensitive to external stimuli, allowing the textile to function as
asensing platform. The acoustic sensing fibres can be incorporated
withvarious textile substrates using different weaving conditions and
shows consistent sensory performance and sensitivity (Supplementary

Figs.12,14 and 15). Using the frequency selectivity of acoustic wave
propagation, we incorporated FDMA to achieve distributed sensing
systems. This simplifies the system architecture by reducing the num-
ber of sensors, electrical connections and wiring, and thus improves
scalability. Furthermore, the use of FFT-based signal processing in
the frequency domain enhances computational efficiency. Our smart
textilesarealso stable and durable when subjected to repeated stimuli
and physical activities (Supplementary Fig. 13 and Supplementary
Videos5and 6).

The acoustic smart textile technology platformis based on com-
mercially available glass microfibres. The integration of multiple glass
fibres into the textile substrate also does not affect the breathability,
stability and flexibility of the textile substrate (Supplementary Fig. 10
and Supplementary Videos 1and 2). The core components, including
the PZTs and microfibres, help to enhance the overall affordability of
the system, keeping the production cost within hundreds of dollars.

Future research is needed to overcome existing packaging
limitations by integrating wearable power supplies, embedded data
acquisition systems and wireless data transmission capabilities. The
incorporation of sustainable, biodegradable materials could improve
the environmentalimpact of the system. Haptic feedback could also be
incorporated into the platform. Exploring diverse coupling methods
between the glass microfibres and PZTs could optimize sensitivity and
increase functionality and effectiveness. Future improvements could
beachieved by tailoring the sensing properties of the fibres. By adjust-
ingfactorssuchasfibrelength, diameter and material composition, we
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Fig. 5| Physiological monitoring applications of the acoustic textile system.

a, lllustration of muscle state monitoring using a SISO system. A fibre woven into
aclose-fitting garment can detect muscle relaxation and tension states.

b, Time-frequency spectrograms of R, received signals under muscle relaxation
and tension states. The clear distinction of states can effectively indicate muscle
status in real time. ¢, Results from monitoring of the arm muscles in periodic
motion. The periodic variationin R, peak-to-peak amplitude effectively monitors
muscle state. d, lllustration of abdominal breathing in the human body. An
acoustic textile can use the rhythmic rise and fall of the belly to achieve

respiratory monitoring. e, Image showing integration of a SISO system into the
abdominal area of a cloth shirt. f, Spectrograms of R, received signals under
exhalation and inhalation states. g, Abdomen movement sensing data measured
during periodic breathing. The variation in R, peak-to-peak amplitude identifies
the rise and fall of the abdomen, corresponding to exhalation and inhalation
states. h, Continuous monitoring and diagnosis of simulated abnormal
respiratory rate (in BPM). The periodic variation in R, peak-to-peak amplitude
effectively monitors respiratory rate and could provide timely alerts for
abnormal conditions such as tachypnea. Scale bars, 100 mm.

can control the mechanical response of the fibres and thus can tailor
the system for specific applications with distinct working frequen-
cies, thereby enhancing both the functionality and sensitivity of our
sensing systems.

Our smartacoustic textile technology could be of use ina variety
of fields. In physical therapy, smart gloves could be used to monitor
finger movements and provide feedback to ensure that exercises are
performed correctly. The smart gloves could also be used in stroke
rehabilitation by tracking the recovery progress of patients through
monitoring fine motor skills and hand movements. In addition, such
gloves could potentially monitor disease progression of arthritis and
aid in designing personalized exercise. In human-computer interac-
tions, the gloves could be used in the gesture-based control of comput-
ers,smartdevices and other electronic systems, providing anintuitive
and hands-free method of interaction. Invirtual and augmented reality

environments, the gloves could enhance user experiences by offering
precise hand and finger tracking, enabling more natural interactions.
They could also be of use in gaming, robotics and teleoperation.
Distributed tactile sensing garments could be used by athletes to
receive real-time feedback on their biomechanics during training or
competitions. This data could thenbe used to optimize performance,
preventinjuries and tailor training regimens toindividual needs. Smart
garments could also be used in assistive technology, providing alter-
native input methods for computers and other devices. The textiles
could, inaddition, provide tactile information to guide individuals with
visualimpairments, or to help to monitor and adjust posture for those
with mobility issues. Future developments in artificial intelligence, 5G
networks and the Internet of Things could expand the capabilities of
our smart textiles, leading to opportunities in advanced computing,
intelligent decision making and robust data connectivity** .
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Methods

Acoustic energy loss

Acoustic energy loss, that is, the total energy loss during the prop-
agation due to natural attenuation and external stimuli, is of key
importance in the characterization of the smart acoustic textiles. For
consistency, the acoustic energy loss, denoted by EL, is expressed in
the following equation:

EL = 20log,, (%) 1)
R

where Arand A are the peak-to-peak amplitudes of the T, transmitted
and R, received acoustic waves, respectively. The acoustic energy losses
describedinthisarticle are all calculated using EL, with the unit being
decibels (dB).

PZTs

Commercially available PZTs made of piezoceramics are used in our
experiments for the electroacoustic and acoustoelectric conversion.
Inthe characterization of the SISO system and fibre-array tactile sens-
ing experiments, we used the piezoelectric disc transducer (7BB-27-4L0,
MurataElectronics) with adiameter of 27 mmand thickness of 0.5 mm
forboththe 7, and R,. Inexperiments with smart gloves and physiologi-
cal monitoring applications, we selected the piezoelectric disc trans-
ducer (SMD10T2R111WL, STEMINC), which measured 10 mm in
diameter and 2 mm in thickness.

Theacoustictextiles operate at frequencies from100t0200 kHz,
with PZTs achieving nanometre-scale oscillation. The vibration ampli-
tude of transmitting PZTs depends primarily on the input voltage and
piezoelectric coefficient, as described by the following equation®**":

Xo = d33 xV (2)

where ds; is the piezoelectric coefficient (which is approximately
600 x 10 m V'for PZT-5H) and V is the applied voltage. The excitation
voltages applied to the PZTs induce oscillations with nanometre-scale
amplitudes. This high-frequency operationis bothinaudible and imper-
ceptible to the user, which minimizes the potential for discomfort™.
Inaddition, based on our tests, these two types of PZT transducers do
not exhibit significant heat generation under normal operating condi-
tions, which makes them well suited for wearable applications (Sup-
plementary Fig.18).

Glass microfibres

Commercially available glass fibres (FiberOptic P. & P. AG) made of
silica (Si0,) with a diameter of 130 pm were used in our experiments,
acting as the acoustic waveguide between the T, and R, PZTs. Glass
fibre has a high Young’s modulus (72 GPa)*, which leads to high propa-
gation speeds and low attenuation of acoustic waves in the wave-
guides®. In addition, glass fibre not only has good flexibility, but also
exhibits excellent stability in high-temperature and corrosive environ-
ments, which makes it quite suitable for wearable devices.

Textile substrates

Our fabric that we employed in this study was composed of atwo-thirds
cotton and one-third polyester blend (used for results shownin Figs. 2
and 3). The design criteria emphasized breathability, ensuring both
comfortand functionality. Experimental validation confirmed that the
acoustic textiles exhibit robustness and adaptability, demonstrating
compatibility with awide range of textile substrates varying in material
compositionand thickness (Supplementary Note 4 and Supplementary
Figs. 14 and 15). Furthermore, the sensitivity and the effective propa-
gation distance (that is, the wave travel distance along the fibre) are
related to factors such as the textile substrate and weaving conditions
(Supplementary Notes 3 and 5 and Supplementary Figs. 12 and 16).

Fabrication method

The connectionbetweenglass fibres and PZTs serves as a critical inter-
face for the propagation of acoustic waves between the microfibres
and the PZTs. We employed copper foil tape (3M) to bond the PZTs to
the glass microfibres. This method enables reusing the microfibres
and PZTs during our research. However, a key challenge remains in
achieving consistent and stable bonding strength, so further research
isneeded to achieve better bonding.

The glass fibres of the acoustic textiles are incorporated into the
textile substrate through conventional weaving. We adopted the tra-
ditional manual weaving method in this work, using a hollow needle to
sew the glass fibre into the textile. Although a digital sewing machine
suitable for glass fibres can definitely provide more convenient and
accurate weaving effects, we believe that manual weaving is sufficient
for completing basic explorations of the smart textiles.

Experimental set-up and data processing

Electronic function generators (AFG1062, Tektronix) were employed
togenerate the predesigned waveforms which were finally connected
tothe T, PZTs. The observation and recording of the R, received signals
were performed by adigital oscilloscope (TBS 2000, Tektronix), which
could display the signal waveform and FFT results in real time and
store the waveform with 8-bit amplitude resolution on a USB device.
Inthe evaluations of the SISO acoustic textile (Fig. 2), a high-frequency
signal amplifier (High Wave 3.2, Digitum-Elektronik) was connected
between the function generator and the 7, PZT to amplify the signal
amplitude. This amplifier could provide an amplification gain of 15
timesinthe bridge mode. We note that the proposed acoustic textiles
did not require this separate amplifier in the presented application
scenarios, as the 20-V;;, output from the function generator was suf-
ficient. In future work, we aim to integrate signal generation,
analogue-to-digital and digital-to-analogue conversion, signal acquisi-
tion and other functionalities into compact wearable embedded
systems.

The data processing of the R, received signal, including
FFT-obtained single-sided amplitude spectra and time-frequency
spectrograms, was primarily performed through postprocessing using
computer software (MATLAB 2024a, Mathworks). Completing the
digital signal processing tasks within wearable embedded systems is
akey focus for future work.

Ethical approval

This study was approved by the ETH Zurich Ethics Commission (number
EK-2024-E-18). All procedures were conducted inaccordance with the
approved guidelines and regulations. Informed consent was obtained
fromthe participant before the participant’sinvolvementinthe study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw data underlying the analysis can be obtained from the cor-
responding author upon reasonable request.
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
=
C
=
™
o
©)
=
&5
>
—
D
°
©)
=
=2
Q
(%]
(-
3
3
Q
s

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The observation and recording of the received signals are performed by a digital oscilloscope (TBS 2000, Tektronix), which can display the
signal waveform and FFT results in real-time and store the waveform on a USB device. A Sony Alpha 7 Ill camera was used to document the
images of the relevant experiments.

Data analysis The data processing of the received signal, which includes FFT-obtained single-sided amplitude spectra and time-frequency spectrograms, is
primarily performed through post-processing using computer software (MATLAB 2024a, MathWorks).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets supporting the findings of this study are provided in the main text and supplementary materials. The raw data underlying the analysis can be obtained
from the corresponding author upon reasonable request.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Data from respiratory monitoring and hand gesture recognition from one male subject.
Population characteristics We collected data from a healthy male human subject under the age of 30 years.

Recruitment We recruited one participant from among the researchers involved in developing the smart acoustic textiles to test the initial
feasibility of the technology. Participant selection is irrelevant to the results, as the experiments evaluate the system's
functionality rather than individual characteristics.

Ethics oversight This study was approved by the ETH Zurich Ethics Commission (No. EK-2024-E-18). All procedures were conducted in
accordance with the approved guidelines and regulations. Informed consent was obtained from the participant prior to the
participant's involvement in the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We collected data from a healthy male human subject under the age of 30 years. Participant selection is irrelevant to the results, as the
experiments evaluate the system's functionality rather than individual characteristics.

Data exclusions  No data acquired for quantitative analysis were excluded.

Replication A minimum of three independent experiments were conducted for the majority of conditions, and all attempts at replication were successful.

Randomization  This study conducts a systematic work on wearable electronics, primarily aiming to achieve a specific function, without involving the issue of
random allocation of a large number of samples or participants. As such, the issue of covariate control is not applicable to this study, as the
experiments were not designed to compare different groups or conditions. The primary objective was to assess the functionality of the

technology, and no additional covariates were considered in the analysis.

Blinding A blind approach was not feasible in this experiment because the procedures were observable. However, all samples were collected and
analyzed under consistent external conditions.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods

XX XXNXNX s

Involved in the study

D Antibodies

D Eukaryotic cell lines

D Palaeontology and archaeology
D Animals and other organisms
D Clinical data

D Dual use research of concern

n/a | Involved in the study
|Z| D ChlIP-seq
|Z| D Flow cytometry

|Z| D MRI-based neuroimaging
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