Article

Single fibre enables acousticfabricsvia
nanometre-scale vibrations

https://doi.org/10.1038/s41586-022-04476-9

Received: 13 March 2021

Accepted: 27 January 2022

Published online: 16 March 2022

Wei Yan'?, Grace Noel®, Gabriel Loke'?", Elizabeth Meiklejohn**, Tural Khudiyev'*®,
Juliette Marion?", Guanchun Rui®, Jinuan Lin®, Juliana Cherston’, Atharva Sahasrabudhe'?,
Joao Wilbert’, Irmandy Wicaksono’, Reed W. Hoyt®, Anais Missakian®, Lei Zhu®, Chu Ma®,
John Joannopoulos'" & Yoel Fink"2'2>

M Check for updates

Fabrics, by virtue of their composition and structure, have traditionally been used as
acoustic absorbers'2. Here, inspired by the auditory system?, we introduce a fabric
that operates as a sensitive audible microphone while retaining the traditional
qualities of fabrics, such as machine washability and draping. The fabric medium s
composed of high-Young’s modulus textile yarns in the weft of a cotton warp,
converting tenuous 107-atmosphere pressure waves at audible frequencies into
lower-order mechanical vibration modes. Woven into the fabricis a thermally drawn
composite piezoelectric fibre that conforms to the fabric and converts the
mechanical vibrations into electrical signals. Key to the fibre sensitivity isan
elastomeric cladding that concentrates the mechanical stress in a piezocomposite
layer with a high piezoelectric charge coefficient of approximately 46 picocoulombs
per newton, aresult of the thermal drawing process. Concurrent measurements of

electric output and spatial vibration patterns in response to audible acoustic
excitation reveal that fabric vibrational modes with nanometre amplitude
displacement are the source of the electrical output of the fibre. With the fibre
subsuming less than 0.1% of the fabric by volume, a single fibre draw enables tens of
square metres of fabric microphone. Three different applications exemplify the
usefulness of this study: awoven shirt with dual acoustic fibres measures the precise
direction of an acoustic impulse, bidirectional communications are established
between two fabrics working as sound emitters and receivers, and a shirt auscultates
cardiac sound signals.

The ubiquity of fabrics, together with recent breakthroughs in fibre
technology, enable us to challenge traditional uses of fabrics toencom-
pass new and potentially useful roles*®. Fabrics have recently been
shown to store energy’, communicate', heat”, cool'*, display™ and
even store and process digital information®. Motivated by the extent
of fabric usage, its unparalleled proximity to the humanbody, and the
importance of acoustic signals, we set out to investigate whether fabrics
could serve as efficient sound collectors to detect and process even
faint audible signals. The consequences of such a transformation in
fabric use would be far-reaching—enabling fabrics to mediate acoustic
communications, pick up acoustic health indicators from the body,
and increase situational acoustic awareness.

Achieving sensitive acoustic fabrics faces two major obstacles. First,
traditional fabrics are notorious for damping sound, and second, pre-
viously reported fibres capable of converting mechanical vibrations

into electrical signals suffer from low sensitivity in air'®". Fabrics are
hierarchical constructs made of staple or filament fibres that are twisted
into yarns and then assembled into fabrics. This hierarchy inherently
establishes multiple interfaces, which scatter and dissipate propa-
gating phonons, giving fabrics dissipative acoustic characteristics.
In nature, however, fibres often serve the purpose of transmitting
soundsinstead of damping them. For example, in the human auditory
system (Fig.1), the tympanic membrane is responsible for resolving the
acousticimpedance mismatch between the air of the ear canaland the
fluid of the inner ear and happens to be a construct of high-modulus
fibres oriented circumferentially and radially’®. This membrane trans-
ducessound pressure to mechanical vibrations of the middle ear bones.
Such vibrations are then transmitted to the cochlea of the inner ear.
Inthe cochlea, hair bundles are deflected to ultimately convert pressure
waves into electrical signals (ionic) that are picked up by the nervous
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Fig.1|Design and principles of fabric microphones. a, The tympanic
membraneisafour-layer construct composed of circumferentially and

radially oriented high-modulus collagen fibres, which are key for sound
conduction. The tympanic membrane motionis ultimately transmitted to the
cochleathroughthe ossicular chain, whereinshortciliafibres convert pressure
wavesinto electrical signals (ionic), which are picked up by the nervous system.
b, Intheacousticfabric, high-modulus Twaronyarns and cottonyarns are
oriented atright angles, mimicking the construction of the tympanic

system®. Drawing inspiration from the auditory transduction sequence
involving conversion of pressure to mechanical to electrical excitations
and the importance of fibres in the auditory system, we introduce an
approach with a similar transduction path that harnesses fibres to
enable a minimally perturbed fabric to efficiently convert pressure
waves to electrical output (Fig. 1).

Unlike the complex three-dimensional (3D) auditory system, we seek
to achieve this conversion in a planar fabric. The fabric medium will
play the part of the tympanic membrane to convert pressure waves into
mechanical vibrations of amembrane. Woven into the fabric, the fibre
transducer will have asimilar role to the cochleain providing electrical
output. Given the conformal nature of the fibre, effective coupling,
whichis necessary for efficient conversion, occurs between the fabric
andthe fibre to formanacoustic fabric. Using a uniform membrane as
amodelfor the eventual fabric medium, we begin with constructing a
piezoelectric fibre that efficiently converts the membrane’s vibrations
into electrical output. We then employ laser vibrometry with concur-
rent electrical measurements to study the displacement modes of the
membrane and fibre and elucidate the conversion mechanism. This
guides the design of the woven acoustic fabrics, which detect nano-
metre displacement generated by audible acoustic waves, producing
coherent electrical signals.

Fibre design and fabrication

Figure 2a outlines the piezoelectric fibre design and fabrication.
The process begins with the construction of a macroscopic
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membrane. This construction converts faint audible frequency sound pressure
waves into low-order mechanical vibration modes. Within that same medium, a
single strand of piezoelectric elastomeric fibre transducer is woven, leading to
asynergistically coupled fabric, where sound transductionisa collective
effect. Thisresultsinafabric capable of operating asasensitive microphone
that detects weak sound signals (for example, human speech) aslow as 10”7 atm.

preform. The active layer is a composite consisting of piezoelectric
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) loaded with
piezoelectric barium titanate (BaTiO;) ceramic particles (Extended
Data Fig. 1). P(VDF-TrFE) has a melting point of 150 °C (Extended
Data Fig. 2), making it suitable for co-drawing with the other fibre
materials. The high viscosity of carbon-loaded polyethylene (CPE) at
the draw temperature delays the onset of capillary instability of the
low-viscosity crystalline piezoelectric domain. During the draw, four
copper wires are fed into the empty channels of the CPE, whichin con-
certdeliver excellent conductivity across two length scales—the micro-
scale cross-section and the metre-scale fibre length. The innermost
layers are asymmetrically encapsulated within an elastic poly
(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS) cladding®
(Fig. 2a; see Methods).

The preformis then thermally drawn into tens of metres of afibre
with submillimetre features. At the high voltages required by the
poling process, small deviations in the thickness of the piezoelectric
layer canlead to breakdown of the composite?. The required level of
precise dimensional control is demonstrated by the production of
a highly uniform 40-m-long fibre (Fig. 2b). The stable flow of all the
materials preserves the cross-section geometry from the preform
to the fibre. The interfaces between the P(VDF-TrFE)/BaTiO; and
the CPE electrodes formed during the draw exhibit good adhesion
(Fig.2e,f). The nanoparticles maintain their homogenous distribu-
tion during the viscous flow (Fig. 2g). The thermal drawing process
aligns the polymer chains along the draw direction (Extended Data
Fig. 1c). The BaTiO, nanoparticles maintain their monocrystalline
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Fig.2|Acousticfibre fabricationand characterization. a, Schematic of
preform-to-fibre thermal drawing and fibre poling. b, Photograph of some
portions ofthe40-m-long fibre wrapped onaspool. ¢, Photograph of a piece of
fibre wrapped on a finger, showing its high flexibility. d, Photograph of a piece
of fibre twisted with an angle >540°. e, Scanning electron microscopy (SEM)
micrograph of the fibre cross-section, showing that the fibre geometry is
preserved after thermal drawing of the macroscopic preform. The gaps
betweenthe copper wires and the surrounding CPE electrodes were created
duringthe cleaving process. f, High-resolution SEM micrograph showing the
closeinterface between the CPE electrodes and the piezocomposite.

g, High-resolution SEM micrograph showing the homogenous distribution of

tetragonal phase (Extended Data Fig. 1d), and the introduction of
nanoparticlesinto the P(VDF-TrFE) does not deteriorate its flexibility
(Supplementary Fig. 5).

Thefibreloaded with 20 wt% BaTiO; nanoparticles exhibits substan-
tiallyimproved ferroelectric properties with aremanent polarizationas
highas10 uC cm (Extended Data Fig. 2a). To achieve a highly sensitive
sound transducer, we develop a stepwise poling method to align the
dipolesin the piezocomposite (Extended Data Fig. 2b). Alternating
the increasing applied voltage with 0-V relaxation periods not only
mitigates the risk of dielectric breakdown during the poling process but
also endows the composite with excellent piezoelectric properties®.
We measured the piezoelectric charge coefficient d;; to be as high as
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BaTiO; nanoparticlesin the P(VDF-TrFE) matrix. h, Measured d, piezoelectric
coefficients of the hot-pressed composite, drawn P(VDF-TrFE) fibre, and drawn
P(VDF-TrFE)/BaTiO,fibre. i, Simulated von Mises stress distributionin the
cross-section of the fibre cladded by the SEBS cladding at 290 Hz. The left side
shows the von Mises stress distribution using the color scale. Theright sideisa
plot of the von Mises stress down the center of the cross-section. Higher stress
leads to higher output voltage for the piezocomposite (whichis the red layer
showing high stress). Inaddition to the piezocomposite layer, the other red
regions experiencing high stress are the copper wires. More details about the
simulation are givenin Methods and Supplementary Note 8. Scale bars, 2 cm
(b),2mm (c,d),200 um (e), 20 um (f),2 um (g), 200 nm (g, inset).

approximately 46 pC N, considerably higher than that of the drawn
P(VDF-TrFE) fibre (about 20 pC N™) and that of the hot-pressed
P(VDF-TrFE)/BaTiO, composite (approximately 10 pC N%; Fig. 2h),
as well as superior to existing PVDF-based piezoelectric materials
(Extended Data Table1). Microscopic analysisidentifies voids around
the BaTiO; particles observed only in the drawn fibre, suggesting
the existence of a porous ferroelectret structure due to cavitation?
betweenthe BaTiO, particles and the P(VDF-TrFE) matrix. This structure
can provide one explanation for the comparatively high d;, observed
onlyin the drawn fibre (Supplementary Note 2).

The use of the elastomeric thermoplastic as the fibre cladding is
motivated by many considerations. First, the combination of this
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Fig.3|Acoustic fibre-on-membrane characterization. a, The schematic
shows the concurrent measurement. The continuous sound waves are
generated fromaspeaker and theimpulseis generated fromaclap. The
vibration modes of the membrane under the impact of the continuous sound
waves generated from the speaker are measured. b, The output voltage versus
sound pressure of the fibre-on-Mylar system at 1,000 Hz. The performance of
thestandalonefibreis presented for acomparison. The noise level is also
shown. ¢, The output voltage of the fibre-on-Mylar systemin responsetoaclap.
(Note that thisis the voltage afterit has been amplified 68x).d, Measured
vibrational (1, 1) modes together with zdisplacement (perpendicular to
membrane surface) of the membrane (top) and fibre (bottom) ataresonance
frequency of 300 Hz. e, Measured frequency response of the sample from 80 to

elastomeric cladding with the stiffer piezoelectric composite results
instress concentrationin the active piezoelectric domain (Fig. 2iand
Supplementary Fig.12).Second, the low modulus of the SEBS cladding
contributes to the fibre bending compliance, an important aspect
when designing a fibre that needs to conformally match to mem-
brane vibration modes. The flexibility is also key to machine weaving
into fabrics. Lastly, SEBS possesses excellent rheological properties
(Extended Data Fig. 3), enabling preservation of the cross-sectional
geometry of the resulting fibre. Owing to the low Young’s modulus
(3.79 MPa, Supplementary Fig. 13), the fibre tolerates some sophis-
ticated deformations such as bending and twisting (Fig. 2c, d).
Its capacitance remains stable over 3,000 cycles of bending or

1,000 Hz. f, Measured vibrational (1, 2) modes together with zdisplacement
(perpendicular to membrane surface) of the membrane (top) and fibre
(bottom) atan anti-resonance frequency of 550 Hz. Because the laser
vibrometer reads the back side of the membrane, we infer the fibre displacement
by measuring the membrane displacementbehind it. The positive and negative
signsonthedisplacementcurves (d, f,bottom) represent generated charges.
Locations with higher curvatures have higher charge densities. The fibre s
located vertically in the centre of the membrane (8 cm by 8 cm). The voltage
measurements wererepeated three times. After the first measurement, the
fibre was removed from the sample and reattached for the next measurement.
Theerroristhestandard deviation of the three measurements.

twisting (Extended Data Fig. 4). The ten machine-washing tests fur-
ther demonstrate its high reliability and mechanical compliance.
(Supplementary Fig. 14).

Fibre-on-membrane model

Oncedrawn and poled, the standalone piezoelectric fibre responds to
acousticwavesintheaudible range (Fig.3a). When the fibre ismounted
on a Mylar membrane, the electrical output is considerably larger.
The boundary condition of the membrane should be well controlled
via clamping and tensioning to achieve reproducible, reliable results
(Supplementary Note 5). The output voltage of the fibre-on-membrane
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Fig.4 |Fabrication and characterization of wovenacousticfabrics.a, Thefibre
withalength of approximately 70 misincorporated into the fabric during the
weaving process. Note that the scale bar applies to the fabric, and the fibre on the
spoolisclosertothe cameratobetter exhibit the fibre.b, Aphotographofthe
Twaron-weftacoustic fibre containing one fibre transducer (6.7 cmin length)
woveninthe weft.c, The fabric was fixed in aframe (8 cmby 8 cm) with well
controlled boundary conditions (Supplementary Note 5) for acoustic
characterization. Measured frequency response of the fabric sample (8 cm by

ismeasured in response to continuous waves generated by aspeakerin
theaudible range under asound pressure level of 60 dB (approximately
107 atm) or at afixed frequency under different sound pressure levels.
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8 cm). The schematics of the Twaron/cotton fabric (right) and the cotton fabric
(left) arealso shown. Warp yarns are shown horizontally and weft yarns are shown
vertically.d, Measured vibrational modes together with zdisplacement
(perpendicular tomembrane surface) of the two fabrics and fibres at their
resonance and anti-resonance frequencies using the laser vibrometer.
Themeasurementsfor cottonat 240 Hzand 460 Hzare shownat top leftand bottom
left, respectively, and the measurements for Twaron/cotton at 230 Hzand 320 Hz
areshownattoprightand bottomright, respectively.Scale bars,5cm (a), 1cm (b).

The strong coupling between the fibre and the membrane mechani-
cal vibration modes produces an electrical output that is two orders
of magnitude higher than that of the standalone fibre (Fig. 3b). The



output voltage (several orders of magnitude higher than the noise
level) increases linearly with increasing sound pressure level, consistent
with the typical acoustic response of linear materials?. The minimum
sound-detection capability is 0.002 Pa (40 dB, the sound pressure level
inaquietlibrary), outperforming many other thin-film-based acoustic
sensors®* 2, The high Young’s modulus membrane experiences minimal
losses, allowing the system to efficiently record a short impulse with
high fidelity (Fig. 3c), as elaborated on in the next section.

A sensitivity of 19.6 mV (at 94 dB and 1 kHz, following standards in
thefield) of the fibre-on-membrane is measured, whichis comparable
to that of off-the-shelf condenser and dynamic microphones (Sup-
plementary Table 3). The high sensitivity allows it to efficiently detect
audible sounds, as demonstrated by the high signal-to-noise ratio of
the measured voltage output when the systemis subject toawide range
of sound sources, such as human speech, air blowing, leaves rustling
andbirds chirping (Supplementary Video 1and Extended Data Fig. 5).

Transduction mechanism

Toreveal the transduction mechanism of the fibre woveninto the fab-
ric, we begin by examining the simpler model of fibre-on-membrane
described above. A speaker illuminates the fibre-on-membrane with
audibleacoustic waves (Fig.3a). A scanning laser vibrometer measures
the vibration of the membrane as a displacement map at various fre-
quencies. Meanwhile, we measure the output voltage from the fibre.
These simultaneous measurements allow us to correlate the electri-
cal output from the fibre with the mechanical vibration modes of the
membrane. The output voltage versus frequencyin Fig.3e shows alarge
peak of 8 mVat300 Hz, followed by peaks of decreasing amplitude as
the frequencyincreases. At 550 Hz, for example, the electrical output
is 0.5 mV. Displacement maps reveal that at 300 Hz the membrane
displays alow-order symmetric resonant vibration mode with large
amplitude of approximately 950 nm (Fig. 3d), whereas at 550 Hz, the
mode is antisymmetric and has a much smaller amplitude of about
110 nm (Fig. 3f).

A3Dacoustical-mechano-electro model (COMSOL Multiphysics) is
developedtogaininsightsinto the fibre-on-membrane using sinusoidal
planeacoustic waves asthe input and the electrical signal from the fibre
as the output. The simulation results reveal that the dominant factor
determining the fibre electrical output is its axial bending (Extended
DataFig. 6), which occurs when the fibre is conformally displaced by
the membrane vibration modes.

Our measurements and simulations (and the Euler-Bernoullibeam
theory, see Supplementary Note 7) reveal two main factors influenc-
ing the magnitude of the electrical output of the system. First, larger
membrane displacement amplitudes associated with lower-order reso-
nances resultin alarger curvature of the fibre and thus more strainin
the piezocomposite. Second, the curvature integral along the fibre
lengthis correlated to the electrical output of the fibre. When the fibre
curvature has the same sign alongits length, the piezoelectric layeris
subject to similar stress conditions (either tensile or compressive) and
charges of the same type (either positive or negative) build up additively
ontheelectrodes, leading to a high output voltage (Fig.3d). When the
curvature changes sign along the fibre length, the piezoelectric layer
undergoestensile and compressive stress at different locations, result-
ing in charge cancellation that reduces the output voltage (Fig. 3f).
The curvature changes signs morerapidly along the fibrein higher-order
modes, resulting in lower output voltage.

Thesimulations do not account for damping or modulus dispersion. It
isreasonable, however, to expect that the overall decrease in performance
withfrequencyis dueto the higher damping of the mechanical vibrations
ofthemembrane at higher frequencies” and the stiffening of the SEBS at
higher frequenciesleading to larger resistance to deformation.

The fibre displacement and its curvature are influenced by the geo-
metrical (shape, size, thickness, boundary conditions, and so on) and
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Fig.5|Examples of applications of the woven acoustic fabricintegrated
intoshirts.a, Sound-direction detection. A shirt containing two fibres
separated by some distanceisused to detect thedirection of thesound source.
b, The fabricis modified by removing asection of the weft yarns to acoustically
insulate the twofibres. ¢, The time difference between the peaks of the signal
curveresultsinanestimated angle 0f19.7°, whichis 0.3° from the measured
angle of20°.d, e, Angles from-60°to 60° were tested withaclap ata distance
of3m,and the meanerrorwas1.73°. Atanangle greater than 60°, the impact of
the sound waves on the fabricis reduced, making the peak detection difficultif
thedistance of the clap remains at 3 m. Schematic diagram (d) and
measurement data (e) are shown. f, Acousticcommunication application.
Acousticfabrics could actas anassistive technology that enables
communication. g, Demonstration of acoustic communication using two
shirts: one servesasamicrophone and the other works asaspeaker. The speech
“Theacoustic fabricrecords audible sound” emitted by one shirtis recorded by
the other shirt (Supplementary Video 3). h, Fabric stethoscope application.
Photograph of the experimental scenario. i, The shirtinterfaces with the chest
and candetect heartsounds, thus providing information about

the cardiovascular system: it measures the heartrate and both the S1and S2
components of the heart sound. For allmeasurements, the participants gave
theirinformed consentto participate inthe study and have theirimages and
datapublished.Scalebars, 5cm (b, h).
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mechanical properties (density, Young’s modulus, Poisson’s ratio, and
so on) of the membrane. One can, however, heuristically conclude that
when the vibration half-wavelength of the fibre matches the size of the
membranethe signalis maximal. Thisisachieved by selectingamembrane
thathasahighmodulus, resulting in fewer oscillations per unitmembrane
length, lower-order resonances?, and thus large electrical output.

Woven acoustic fabric fabrication and
characterization

Armed with these insights into the mechanism of transduction, we pro-
ceed to explore fabric designs optimized for acoustic collection and
conversion. We construct two plain weave fabrics with different Young’s
moduliusing aconventional weaving loom (Fig. 4a). Thefirst fabric con-
sists of cotton yarns in both the warp and the weft directions (Fig. 4c).
This fabric has alower modulus and is constructed of staple yarns.
The second fabric hasthe same cotton warp but high-modulus Twaron
filamentyarnsinthe weft direction (Fig. 4b, c). The two fabrics have the
same thickness, weight and dimensions, but differ in their moduli and
theuse of filament versus staple. The fibre transduceriswoveninto the
fabrics. The tension of the warp cottonyarns that cross over the acous-
tic fibre is well controlled so that the fibre is not severely compressed.
The fabric samples are then mounted on a frame with well controlled
boundary conditions (Supplementary Fig.18). The frequency response
characterization reveals that the Twaron-weft fabric outperforms the
cotton fabric (Fig. 4c). Note that the fabrics show excellent electrical
signals at audible frequencies regardless of the specifics of tension or
boundary conditions (Extended Data Fig. 7 and Supplementary Video 2).

Thevibrational behaviour of the two fabrics at some representative
frequencies is summarized in Fig. 4d, which reveals that nanometre
displacement generated by audible acoustic waves can be efficiently
detected and amplified in fabrics forming coherent electrical detection
of sound. The anisotropic vibrational wavelength (longer wavelength
ontheweftand shorter wavelength onthe warp) of the Twaron/cotton
fabric and the isotropic vibrational wavelength (identical wavelength
onboththeweft and the warp) of the cotton fabric are notably revealed.
At 230 Hz, a resonance frequency of the Twaron/cotton fabric, the
modes of the fabric are of lower order and longer wavelength compared
to those of the pure cotton fabric at 240 Hz. Shown also is the fibre
displacement for these two fabrics, in which the curvature all has the
same sign for the Twaron/cotton case, whereas it changes sign for the
cotton. Similarly, owing to the lower-order modes of the Twaron/cotton
fabricat the anti-resonance frequency of 320 Hzcompared to those of
the cottonfabricat460 Hz, thebending wavelength of the fibre in the
Twaron/cotton is much longer than that in the cotton. The electrical
output for bending modes involves integration over the curvature
function, which, when changing signs, leads to a cancellation effect
and a diminishing output.

The magnitude of the fibre output depends on the order of the mode,
itswavelength, and the fabric dimensions, which together yield differ-
ent curvature integrals and electrical outputs. The sensitivity of the
two-dimensional fabric microphone reaches 8 mV, attributed both
to the high modulus and also to the lower losses associated with con-
tinuous filament, which compares well with many commercialized
condenser and dynamic point microphones (Supplementary Table 3),
demonstrating that indeed, fabrics can function as efficient sound
collectors and transducers in the audible frequency range.

Thescalability of the thermal drawing approachis well matched with
the scale of industrial weaving processes (Fig. 4a). A typical acoustic
fabric (36 cm x 23 cm) shown in Supplementary Video 2 only contains
approximately 6.7 cm of fibre, which occupies around 0.1% of the vol-
ume of the fabric (Methods). In our study, 40 m of fibre is drawn from
apreform in a single draw. This length can produce nearly 50 m? of
acoustic fabric. The fabric maintains its electrical properties and acous-
tic sensitivity after ten machine-wash cycles (Extended Data Fig. 8).
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Exemplary applications

The performance and form factor of the acoustic fibres enable awide
range of applications (Fig. 5). Here, the woven Twaron/cotton fabric
isintegrated into shirts. All the shirts are in a flexurally slack, draped
condition (Supplementary Video 2). In Fig. 5a, b, the direction of an
impulse is discerned by a shirt containing two fibres. A hand clap is
initiated at various angles and the output from each fibreis recorded.
The time delay between the peaks corresponds to a difference in the
pathlengthto theindividualfibres (Fig. 5¢), allowing for precise deriva-
tion of the direction of the clap (Fig. 5d, e). Directional detection could
be useful forindividuals with hearing aids to listen in specific directions
while removing background noise, and for law enforcement seeking to
detect a source of a gunshot. In addition to sensing sound, the fabric
can also broadcast audible sounds when a modulated a.c. voltage is
provided. Asillustrated in Fig. 5f, Extended Data Fig. 9 and Supplemen-
tary Video 3, two shirts enable bidirectional acoustic communication
withmatched time-domain waveforms (Fig. 5g) and frequency-domain
spectrograms between the emitted speech and the received speech,
facilitating acousticcommunication between individuals, which may
be useful for people who are deaf or hard of hearing, covert communica-
tions, or even underwater communications. With their high sensitivity
to vibrations and matched impedance with the skin, the fabrics are
particularly suited for physiological sensing. Heart auscultation is
afundamental tool in the diagnosis of cardiovascular diseases and
abnormalities. Figure 5h shows that an acoustic shirt contacting the
chest of aperson efficiently captures cardiac signals (Fig. 5i), acting as
askin-interfaced stethoscope. The signal, with a signal-to-noise ratio as
highas 30 dB, surpasses that of recent thin-film acoustic devices®* and
conveys useful information about the wearer’s cardiovascular system.
Theresting heart rate was measured to be 70 beats per min. The shirt
also clearly detects the louder S1 sound and the weaker S2 sound
(Fig. 5i). Notably, the fibre captures the splitting of S1 as well as the
splitting of S2 (Supplementary Fig.30), previously unachievable with
thin-film devices?®*%. Supplementary Audio 1 presents high-quality
heart sounds recorded using the acoustic shirt. The ability to detect
the mechanical action of the heart using the fabric may enable wearers
to monitor their heart and respiratory condition in a comfortable,
continuous, real-time and long-term manner.

Insummary, we have described the principles, materials,and mecha-
nisms leading to the realization of an acoustic fabric. The resulting
fabrics are capable of efficiently detecting audible sounds with per-
formance on par with commercial microphones. Applications in
sound-directiondetection, acousticcommunications, and heart-sound
auscultation illustrate the wide-ranging applicability of this technol-
ogy toenable advancesin fabric-based human-computer interfaces®,
physiological monitoring and health care®, aerospace engineering®,
communications®, biomedicine®, robotics* and computing fabrics.
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Methods

Preparation of nanostructured piezoelectric composites
Poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFe, Piezotech
FC30) with30 mol% TrFe was dissolved in dimethylformamide (DMF)
(1:10, w:w) by continuous stirring for 5 h. Barium titanate particles
(spherical, 99.9%, 200 nm, tetragonal phase, US Research Nanomate-
rials; average diameter of 260 nm as shown in Supplementary Fig. 32)
were added and stirred for 12 h to form a suspension. The ratio of
BaTiO; to PVDF-TrFE is 1:5 by weight. The suspension was sonicated
for2 h,changing the water every 15 min to prevent it from warming up.
The suspension was stirred again for 20 h and then sonicated for 3 h,
changing the water every 15 min. It was then mixed in a centrifugal
mixer at 3,500 r.p.m. for 10 min. The mixture was poured onto a glass
substrate to form a film as the DMF evaporates. After drying at room
temperature for one day, the composite separates from the solvent
and formsafilmatthe bottom of the dish withthe DMF solvent ontop.
The film is removed from the DMF and dried in a 60 °C oven for five
days before use.

Preform fabrication and thermal drawing

Theacoustic fibre was drawn from amacroscopic rectangular preform
with dimensions of 2.5 cm x 1.38 cm x 18 cm. A hot press was used to
press the piezocomposite, CPE (ET331080, Goodfellow), and SEBS
(grade G1657 from Kraton Performance Polymers) layers into sheets
of the appropriate thickness. All the materials were then cut and
assembled into amould according to the fibre architecture. The SEBS
cladding, CPE electrodes (1.4 mm thick), and piezoelectric composite
layer (600 pm) were consolidated using a hot press at100 °C. The pre-
form was drawn in a three-zone vertical tube furnace with a top-zone
temperature of 120 °C, a middle-zone temperature of 252 °C, and a
bottom-zone temperature of 80 °C. CPEisatypical conductive thermo-
plastic polymericelectrode used in thermally drawn fibres. Compared
to SEBS, CPE exhibits alower viscosity and thereby undergoes astable
flow. On the other hand, its viscosity is higher than that of the piezo-
composite, which delays the onset of capillary instability of the molten
piezocomposite during the draw. CPE exhibits a conductivity of -2S m™,
enablingtransverse electronic transport. During the drawing process,
50-pm copper microwires (50 pm, Goodfellow) with a conductivity
of <10’ S m™ do not undergo thermoplastic deformation but are fed
into two empty channels in the CPE, and this convergence technique
results in fibres containing four wires that are fully embedded in the
CPE layers, leading to axial electron transport along the fibre length.
The fibre dimensions are monitored with laser micrometers and the
cross-section dimensions of the fibre are scaled down 20x compared
tothose of the preform. A detailed protocol of the acoustic fibre design
and fabricationis elaborated in Supplementary Note 1.

The oscillatory shear rheology characterization
The oscillatory shear rheology characterization was carried out on a
rheometer (AR 2000, TA Instruments). For rheological characteriza-
tion, the polymer plates (1,500 pm thick) were heated from 50 t0 220 °C
at1°C min™. The test was doneinthe oscillatory mode with an angular
frequency of 1rad s™and an oscillation strain of 1%.

X-ray diffraction characterization

Wide-angle and small-angle X-ray scattering characterizations were
performed at the Massachusetts Institute of Technology (MIT) Center
for Materials Science and Engineering (CMSE) X-ray Diffraction Shared
Experimental Facility on a SAXSLAB system. Cu Kal X-rays of wave-
length 1.5409 A were produced by the microfocus X-ray source (002,
Rigaku). Osmic staggered parabolic multilayer optics focused the
beam crossover at the second pinhole. Two sets of jaw collimation slits
(JJX-ray) with diameters of 0.45 mm and 0.2 mm, respectively, were used
to define the beam. The system was calibrated using silver behenate as

astandard. The piezocomposite samples harvested from the fibre were
directly fixed on the holes of the standard sample plate of the facility.

Piezoelectric charge coefficient d;; measurement

Rectangular gold (10 nm) electrodes were coated onboth sides of the
sample, using asputter coater (Q300TD, Quorum Technologies, UK).
Theelectrode length and width were measured using an optical micro-
scope. The d;; measurement set-up is shown in Supplementary Fig. 6.
The d;, values with different dynamic stress values were measured
by manually applying and removing a weight (-1-200 g) at the end
of the fibre. A quartz force sensor (208CO01, PCB Piezotronics, USA)
was used to monitor the force applied on the fibre. A preforce of 10 g
(0.098 N) was applied to keep the strain in the vertical direction.
Thegenerated charge was monitored usingaelectrometer (617, Keithley,
USA). Through a data-acquisition card (NI USB-6002, National
Instruments, USA), the whole system was operated by the LabView
software.

3D acoustical-mechano-electro model

A 3D acoustical-mechano-electro model (COMSOL Multiphysics)
that couples acoustics, mechanics and electrostatics was developed
to simulate the system. The validity of the model is demonstrated in
Supplementary Note 8. All the components of the fibre wereincluded
in the model, and the materials properties are summarized in Sup-
plementary Table1.

In the 3D simulation, the membrane was modelled with a
two-dimensional shell module because the membrane thickness is
much smaller than the lateral size (8 cm x 8 cm). A 6.5-cm-long fibre
containing the piezoelectric domain and electrodes was placed on the
membrane surface at the centre. The whole structure was placed inan
airdomain with perfect matching boundary layersin the surroundings.
A pre-defined background acoustic plane wave was perpendicularly
incident onto the membrane side with the fibre and induced vibration
in the fibre and the membrane. The vibration was converted to volt-
age variation by the piezoelectric material in the fibre. Four physics
modules were applied to compute the relevant physical effects: the
pressure acoustic module for the air domain, the shell module for the
membrane, the solid mechanics module for the fibre, and the electro-
statics module for the piezoelectric material and electrodes.

The type and size of the mesh varied on different parts of the model.
The air background and the shell model of the membrane were meshed
with free tetrahedral and triangular elements, respectively. The fibre
was meshed by sweeping the transversal surface, which was meshed
with free triangular elements, along the fibre axis. The maximum size
ofthe elements was determined by iteratively reducing the maximum
meshsize insimulations until the change inthe output values of interest
between two consecutive simulations was below 5% (Supplementary
Table 2).

The output of the simulation included the voltage from the elec-
trodes, stress, displacement and acoustic pressure at various locations
ofthe model. The simulationallowed usto vary the system settings com-
putationally and conduct sensitivity analyses for various parameters.

Acoustic and laser vibrometry characterization

Inall cases, samples fixed in a frame (see detailed methods in Supple-
mentary Note 5) were placed 2 m from the speaker. A signal generator
was used to input the desired frequency and power to the speaker.
Adecibel meter was placed to the side of the frame, in the same plane
as the fibre, and the power of the signal generator was adjusted until
the desired sound pressure level was reached. The fibre was connected
to a printed circuit board, which was connected to an oscilloscope
that recorded the response of the fibre. The sample holder (that is,
the frame) was placed on 10 cm of acoustic-insulating foam on the
floor of an acoustic studio. The speaker also was set on foam on
the floor. The displacement and vibrational modal patterns of the



fibre-on-membrane and the acoustic fabric in response to different
frequencies was concurrently measured using ascanning vibrometer
(PSV-500, Polytec, USA) while measuring the output voltage from the
samples. Fast Fourier transforms were performed on each voltage signal
to determine the output voltage. All characterization was performed
in an acoustically damped and isolated music practice room, as an
approximation to an anechoic chamber.

Standalone fibre. Thetwo ends of the 6.7-cm fibre were attached across
fromeachotherina 6.7 cm x 6.7 cm aluminium frame clamped to stand
inanupright position.

Fibre on Mylar. The Mylar (50 pm in thickness, 8 cmin length and
8 cmin width; ES301955, metallized on one side, Goodfellow, UK) was
fastened in a square 8-cm aluminium frame clamped in the upright
position. A metallized Mylar can more efficiently reflect the visible
light and generate higher signal-to-noise ratio data during the laser
vibrometer measurements. The boundary condition was well con-
trolled (see detailed methods in Supplementary Note 5). The 6.7-cm
acoustic fibre was placed on the Mylar membrane. The SEBS cladding
exhibits sufficient adhesion to the Mylar membrane that the fibre sticks
tothe membrane without any adhesive. The entire fibre was in contact
with the Mylar membrane as the SEBS cladding of the fibre is sticky.

Acoustic woven fabrics. The acoustic fibre was woven into the fab-
ric. For the acoustic characterization shown in Fig. 4, each fabric was
clamped with well controlled boundaries conditions (see detailed
methods in Supplementary Note 5). The fibre was ~6.7 cm long.
The fabric size was 8 cm x 8 cm. The fabrics used for the demonstra-
tionsshownin Fig. 5wereintegrated into shirts, so all fabricswereina
flexurally slack draped condition.

Weaving of acoustic fabrics

Allfabrics were woven by hand on an eight-harness loom. A thin100%
cottonyarn (approximately 500 dtex, or 500 g per 10,000 m of yarn)
was used for the warp. The warp density was 70 yarns per inch.

Two versions of a fabric were woven. The Twaron/cotton fabric used
four strands of 405-dtex Twaron yarn (2200, 1210 linear density, Teijin
Aramid, the Netherlands) as the weft, with a weft density of 48 yarns
perinch. The pure cotton fabric used four strands of 500-dtex cotton
yarn as the weft, with a weft density of 44 yarns per inch. This slightly
lower weft density was used to match the weight of the first fabric as
closely as possible.

The weave structure of these fabrics is a variation of plainweave.
Plainweave is the simplest weave structure, in which warp yarns are
alternately raised over and lowered under each weft yarn. In this vari-
ation, an extra warp yarn is added next to every sixth yarnin the warp
sequence. When weaving the fabric, these two yarns act as a pair, always
raising or lowering together. When inserting the acoustic fibre, one
yarninthe pairis raised and the other is lowered. This resultsinaseries
of warp yarns covering the fibre, spaced 2.5 mm apart, whereas the
fabricunderthe fibreis wovenin plainweave without extrawarp yarns.
Thismethod produces very similar weave structuresin the main fabric
and at the fibrelocation. The dimension of the fabricshownin Fig. 4 is
8 cm x 8 cm x 0.46 mm (length x width x thickness, | x w x t).

Warp yarns on aloom are always under tension. When weaving the
acoustic fibre into the fabric, the tension of the covering warp yarns
was controlled so that the warp yarnsslightly compressed the acoustic
fibre while securingits position. The optimized compression force was
measured to be 0.0046 N. Two different methods were applicable for
this purpose. Formethod1, agroup of yarns was inserted asatemporary
weftinthe same shed (configuration of raised warp yarns) as the fibre.
These temporary wefts act as spacers between the warp yarns and the
acoustic fibre: when they are removed from the fabric, the tension
on these warp yarns is decreased. The second method of controlling

warp yarn tension is on looms with two warp beams. Warp yarns are
separated into two groups when preparing the loom for weaving, and
each group is wound onto one beam. The tension on each group of
yarns can be controlled independently by rotating the beam, whichis
held in place by abrake wheel.

We note thata high compression force on the acoustic fibreimpedes
the ability of the fibre to bend and the synergistically coupled vibra-
tion between the fabric and the fibre, resulting in lower performance
(Supplementary Fig. 29).

Additional fabrics were woven and integrated into shirts shown in
Fig.5. These fabrics use the same cotton-warp yarns and Twaron-weft
yarns, and a similar modified plainweave structure in which an extra
warpyarnis added after every third yarn. The same method of control-
ling warp tension when weaving the acoustic fibre was used.

The dimension of the acoustic shirt (Twaron weft/cotton warp) shown
in Supplementary Video 2is 36 cm x 23 cm x 0.46 mm (I x w x t). The
dimension of the woven fibre is 6.7 cm x 0.1cm x 0.69 mm (I x w x t).
Thus, the volume fraction of the fibre occupying the fabric is only
0.097%.

Machine-wash test

Thefibres and the fabrics were placed in a protective delicate laundry
bag and washed with a portable mini washing machine (PUCWMI]1,
PYLE). They experienced ten washing cycles, and each cycle was 15 min
(‘cotton’ wash mode) at room temperature. No detergent was used
during machine washing.
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Extended DataFig.1|Piezocomposite preparation and characterization.
a,Schematic of the fabrication flow of the piezocomposite. The detailed
descriptionis showninMethods. The nanoparticles must be homogeneously
distributed inthe P(VDF-TrFE) matrix as aggregation can deteriorate energy
conversionand causes fibre breakage during the draw. Thisrequirement s
achieved by using a planetary centrifugal mixing process thatapplies
ultrastrongshearing forces to the composite suspension. b, SEM micrograph
of apiezocomposite thin film fabricated without centrifuging treatment (left)
and with centrifuging treatment (right). The inset in the leftimage highlights a
severe agglomeration of BaTiO; nanoparticles, whereastheinsetin the right
image presents ahomogenous distribution of nanoparticles. ¢, Wide-angle
X-ray scattering characterization of the hot-pressed as-cast composite and
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drawn P(VDF-TrFE)/BaTiO; fibre showing the  phase of P(VDF-TrFE) and
tetragonal phase of the BaTiO; nanoparticles. The sharp equatorial arcsin the
diffraction pattern of the drawn sample demonstrates that the thermal
drawing process aligns the polymer chains along the draw direction.

DD, fibre-drawing direction; TD, fibre transverse direction. d, Bright-field TEM
image of the BaTiO; nanoparticles harvested fromthe fibre. The inset shows
theselected-areaelectrondiffraction pattern from transmissionelectron
microscopy (TEM) characterization of aBaTiO;nanoparticle. Each
nanoparticleis monocrystallinein the tetragonal phase. The particle size
distributionis showninSupplementaryFig.32. The TEM diffraction was
performed using an FEI Tecni (G2 Spirit TWIN) under 120 kV.
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Extended DataFig.2|Hysteresisloops and poling method of the fibre. a, (10,20,25wt%). b, Stepwise poling method. The poling voltageisincreased to

Electric polarization versuselectric field hysteresisloops of apure P(VDF-TrFE) 3,300 Vin100-V steps. The schematics show the dipole orientation before and
fibre and fibres with varying weight percentages of BaTiO, nanoparticles after the poling process.
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Extended DataFig. 3| Optimization of the fibre design and fabrication.

a, Temperature profile of the tower furnace. The draw temperature at the
neck-downregionisaround160 °C. The top surface of the furnacein the fibre
drawtower wasset to bethe zero position. b, Rheological properties of the
SEBS and piezocomposite. The oscillatory shear rheology of SEBS is slightly
lower than that of the piezocomposite at the draw temperature. Thus, toensure
asmooth flow of the molten piezocomposite, two Cu wires instead of one wire

areembeddedineach of the two CPE electrodes. The tension applied onthe
four wires during the draw exerts compressive stress onto the molten
piezocomposite in the neck-downregion, thus preventing capillary breakup of
the piezocomposite and creating highly uniform fibres (Extended Data Fig. 3c).
¢, Characterization of the fibre size for two different configurations. The 4-Cu
wire configurationleads to a highly uniform fibre, whereas the fibre sizein the
2-Cuwire configuration fluctuates alot because of the fluid instability.
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Extended DataFig. 4 |Stability of the electric property of thefibre.a, The
ratio of the capacitance (C) after and before the fibre was bent with, from right
toleft,bendingradiiof3.2,2.0and 1.2 cmfor 1,000 cycles. To ensure areliable
bendingradius, the fibre was mounted ona polymer substrate. After the first

1,000-cycletest, the fibre was successively subject to the second and the third
1,000-cycletests. b, Theratio of the capacitance after and before the fibre was
twisted with, fromright to left, angles of 45°,180° and 540° for 1,000 cycles.
Alltests were done successively.
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Extended DataFig.5|Audible sound detection using the fibre-on-membrane. a-d, Time-dependent waveforms of a clap (a), air blowing (b), leaves rustling (c)
and birds chirping (d), detected using the fibre-on-membrane system.
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Extended DataFig. 6 | Stress and bending analysis of the fibre-on-Mylar. ¢, The Cauchy stress distribution of thelinein the middle of the
a, Thebending/displacement of the middle x plane of the fibre at 300 Hz (the piezocomposite along the fibre length. All simulation results were obtained
deformationisscaled by afactor of 500) b, The bending/displacement of the fromthe3D COMSOL model.

middleyplaneofthefibre (the deformationis scaled by afactor of 50,000).
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Extended DataFig.7 | Performance and modal patterns comparison was achieved usingthe method elaborated in Supplementary Note 5.
between threefabrics where the piezoelectricfibre was woven directly. These measurements clearly show excellent electrical signals at audible
a, Theset-up used for the concurrent measurements. b, The frequency frequency from all fabrics well above the noise regardless of the specifics of
response and modal patterns of fabrics for three boundary conditions and tension or boundary conditions. These measurements clearly establish and
tensions: ¢, Adraping fabric with the top edge clamped where tensionis substantiate not only that the fabricis sensitive under draping conditions but
supplied only by the fabric weight uniaxially.d, A fully clamped fabricwherethe  alsothattheelectrical response emanates from nanometre-amplitude
onlytensionissupplied by fabric weight uniaxially. e, A fully clamped fabric displacementsin the fabric, which are captured by the fibre and are then

with externally imposed uniform biaxial tension. The uniform biaxial tension transduced into electrical signals.



Article

o

&

@
L

0.50
—py g———y _E—p—E—§

Capacitance (nF)

0.45 -

0.40

T T T T
0 2 4 6 8 10
Machine washing cycles

Extended DataFig. 8| The washability of the acoustic fabric.a, Snapshot
photographs of the acoustic fabric being washed in awashing machine atroom
temperature. b, The constant capacitance with washing cycles (left); and the
voltage versus frequency of the acoustic fabric before itis washed and afteritis
washed for ten cycles (right). Note that the cotton yarnsin this fabric are grey,
whereasthe cottonyarnsshowninFig. 4 are green. The warp cottonyarnisa
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size20/2 cottonwithasetof 60 ends perinch and was threaded through a
12-dentreed. The weft yarnis a1,210-dtex Twaronyarn (Tejin Aramid, The
Netherlands). Four strands of Twaronyarn (strands were not twisted together)
were used inthe weft direction. The size of the fabricis 17 cm x17 cm x 1 mm.
The compression force the warp yarns applied to the fibre was measured to be
16.9 gusing aforce sensor (ZC-RP-C5ST-LF5-1024, Taidacent).
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Extended DataFig.9|Short-time Fourier transformspectrograms. The at50 kHz, and dataare shown from20 Hzto 10 kHzin each case. A time window
spectrograms of the audio used to drive the fabric emitter (top) and the audio of 5msand overlap percentage of 20% were used to produce the spectrograms.

detected by the fabric receiver (bottom) shownin Fig. 5g. Signals were sampled
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Extended Data Table 1| Comparison of direct d;, piezoelectric coefficient between thermally drawn P(VDF-TrFE)/BTO fibre
and state-of-the-art PVDF-based materials

Materials Direct d;; (pC/N) References

P(VDF-TrFE)
(70/30mol%)/BTO
Thermally drawn

46 This work

Biaxially oriented
PVDF 11-22 36
Stretched

P(VDF-TrFE)
Spray-coated

12-15 37

P(VDF-TiFE) 15 38

PVDF
3D printed

PVDF/BTO
3D printed

PVDEF/BTO/carbon nanotubes
3D printed

PVDF/BTO
3D printed

P(VDF-TrFE)
75/25 mol% 25 43
Spin-coated
PVDF/Buckminster fullerenes
(C60) and SWCNTs 32-65 44
Ultrasonication
P(VDF-TIFE) (75/25
mol%)/PZT
Compressed

18 39

0.021 40

0.13 41

18 42

<q 45

P(VDE-TrFE)
75/25 mol%
Stretched

P(VDF-TiFE)
75/25 mol% 10.7 47

Refs.** 7



