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Moving towards materials with humanoid
functionality: Sensing their speech with
piezoelectric nanowebs

Giulia Lanzara %, Krishna Chytanya Chinnam, Erika Magnafico, Federico Fabriani

Department of Civil Engineering, Computer Science and Aeronautical Technologies, University of Rome, RomaTre, 00146, Rome, Italy

The new concept of “humanoid matter” is presented by exploring if the sound emitted by materials
embeds phonetic signatures. This overarching topic is here narrowed down to the analysis of the
acoustic sound emitted by the sudden hierarchical rupture of microfibers in a composite. While such a
low-energy pain-like event for the material is hardly detected with the most advanced structural health
monitoring systems, here it is accurately captured (i.e., “listened”) with a piezoelectric nanoweb that
weighs less than 0.25% than the reference microphone. As humans react to pain with an unarticulated
voice pattern, the composite delivers an unvoiced/voiced pattern when suddenly damaged. The
phonetic analysis demonstrates the feasibility of using the energy released by a mechanical failure as
sound source (i.e., vocal cords) that excites the acoustic resonances of the material (i.e., vocal tract).
Differently from healthy humans, the progressive failures slightly modulate the vibration speed of the
vocal cords (pitch) due to the stiffness changes of the vocal tract which thus modifies its sound shaping
action. The sound signals from the material carry the phonetic fingerprints of the microdamage. This
work represents a first step towards materials that possess humanoid functionalities which can
potentially revolutionize human-object interaction.

Keywords: Sound; PVDF; Electrospun; Electrospinning; Damage; Piezoelectric mat; Web; Speech; Phonetic; Microwires;
Humanoid matter; Material Phonetics; Piezoelectric Nanowebs; PVDF electrospun fibres; Structural Health Monitoring;
Acoustic Emission Sensing; Microdamage Detection; Phonetic Analysis of Materials; Mechano-Acoustic Response;
Sound-Emitting Materials; Speech-Inspired Sensing; Bioinspired Materials; Piezoelectric Acoustic Sensors; Material
Damage Characterization; Advanced Non-Destructive Testing (NDT); Multiscale Failure Detection; Non-Contact
Damage Monitoring

achieved by conceiving “humanoid things” formed by a “hu-
manoid matter” that, through “speech” can directly interact

Introduction
In this exciting new era, “Things” are borrowing their intelli-

gence from their interconnection with the web to reach, via
the web, other objects or humans. This concept is known as “in-
ternet of things”. “Things” are objects that cover the full spec-
trum of applications ranging from tangible and intangible daily
life products to structures and devices. It is actually true, how-
ever, that the heart of any object is in its constituting matter
without which the object, including those that are intangible,
would not exist. A significant step forward could then be

* Corresponding author.
E-mail address: Lanzara, G. (giulia.lanzara@uniromas3.it)

with humans. This paper tries to address this topic for the first
time in the literature by investigating whether the sound emitted
by materials can embed a phonetic language, which, if properly
interpreted, may revolutionize the interaction of human-matter
and thus of human-objects. The intimate emotions of matter
are however diverse and complex for addressing in a single study.
As humans may speak, scream, or emit a speechless or burst
sound when they feel pain or when they get injured, materials
may be made to mimic the idea of feeling pain when they break
down or are overstressed. We thus investigate the phonetics of
the “material pain” taking advantage of the known concept that
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materials emit sound upon breaking. Here this is done by imple-
menting an unconventional mechano-phonetic approach
applied to microdamage occurrence, whose detection is still con-
sidered one of the greatest challenges in the field of Structural
Health Monitoring (SHM) systems for the reasons described
below. In other words, by exploring the new concept of the
materials’ spoken language, we also provide an exotic technolog-
ical solution to detect ultra-small damage via humanoid matter.
This is important since in the last decade, the use of SHM systems
underwent an incredible expansion in all fields that require light-
ness, safety, reliability and durability of structures, materials or
devices. When integrated into structures, machines or devices,
such systems are designed to monitor over time their health
often with respect to the surrounding environment (e.g, temper-
ature, humidity [1,2]). The most recent approaches take advan-
tage of artificial intelligence (e.g. machine learning [3], deep
learning [4] or intelligent computational methods [5]) to
strengthen the system efficiency and reliability. Several types of
SHM systems have been proposed in the literature and are avail-
able in the market [6].

The fundamental idea is that an array of devices is surface
mounted or embedded in such a way that they gather informa-
tion about the hosting structure. The system may include both
active and passive elements to monitor the structure as needed,
such as using acoustic emission methods [7,8] (e.g., with piezo-
electrics) [9-12], or solely passive sensors to continuously listen
to the structure over time (e.g., chemical sensors, strain gauges
[13], fiber optics [14-16], accelerometers [17], wireless multifunc-
tional sensors [9] or, more recently, nanostructured piezoresistive
[18-21] and piezopolymer sensors [22-29]). The mapping capa-
bility of these systems is strongly related to the density of acqui-
sition points: the larger the density of the embedded devices, the
higher is the mapping resolution [15,16,30]. Lighter, denser, and
non-invasive arrays which ideally require negligible installation
costs and non-contact monitoring approaches, represent the
state-of-the-art of the most advanced SHM systems ever pre-
sented in the literature. In the first case, highly stretchable sub-
strates are functionalized with miniaturized devices and
electronics to deliver prefabricated and highly stretchable sensor
networks [31,32]. Instead, in the second case, the most recent
non-contact approaches rely entirely on the acquisition of mul-
tiple images [33,34], which can also be captured in ultra-fast
mode for dynamic analyses [35]. These approaches also include
the acquisition of temperature maps [36], laser scanning [37-
39], air-coupled laser ultrasound [40], laser excited acoustic
shearography [41], acoustic excitations through speakers [42],
and radar detections [43] to reconstruct the structural evolution
over time. Combining non-contact approaches with artificial
intelligence also represents a new avenue [44]. In other words,
non-contact systems acquire information only from the outer
surface, making them ineffective in detecting internal damage,
which can only be addressed using complex global structural
models. In conclusion, since damage typically initiates locally
at the nano/micro-scale, both contact and non-contact technolo-
giesl remain inadequate for detecting damage at its earlies stages
[45].

By taking advantage of the known concept that materials emit
sound during transitions between equilibrium states, such as
crack formation or phase transformations [46], alternative mon-
itoring systems based on acoustic sensing via microphones have
been proposed. These methods include analyzing acoustic radia-
tion from vibrating panels [47] or sandwich beams [48], studying
elastic structure interaction with acoustic waves [49], and assess-
ing the vibro-acoustic response of helicopters [50]. Additionally,
sound-based structural health monitoring (SHM) systems [51]
have been implemented for damage detection [52,53] in various
applications, including masonry structures [54], variations in
plates thickness [55], local delamination in fiber-reinforced com-
posites [56], loose bolts [57,58], induction motors [59,60],
bridges [61,62], wind turbines [63-68], concrete structures [69]
and biomedical applications [70] using MEMS microphones.
However, the size of damage represents again a critical factor.
As damage decreases - as in the case of incipient failures - it leads
to a variety of effects: a reduction of the area that emits energy
and the generation of highly localized impulsive vibrations aris-
ing out from nano/micro-sized sound sources. Such ultra-small
sources produce extremely low-pressure levels, making detection
challenging. While highly sensitive microphones are required,
they are usually expensive, relatively massive, large-in-scale, dif-
ficult to be coupled with the structure and to be effectively iso-
lated from environmental noise.

In this study, a nanostructured piezoelectric web, (“piezo-
web”) that is as light as a feather [71-75] and highly sensitive
[74,75], is used to explore the exotic possibility of letting the
material “speak” through the sound that it generates, investigat-
ing, in particular, if the sound signals encode speech-related
damage information. The approach involves “listening” to the
material and interpreting its “language” as damage recognition.
This approach relies on the close cooperation between the piezo-
web, which functions as an acoustic sensor, and the sound-
emitting material that plays the role of sound source. Together,
they are essential to advancing the concept of a “speaking mate-
rial”. The demonstration is here restricted to a material with a
dominant micro-scaled failure mode, which is accurately
detected and found to carry key phonetic fingerprints. This con-
cept can be extended to various materials, failure mechanisms,
stress/strain states, and monitoring parameters or properties,
allowing them to be reinterpreted in terms of material phonetics
and speech.

Incipient damage detection via sound monitoring

Micro-damage detection via sound monitoring is validated by
inducing damage in a carefully selected composite sample
expected to exhibit a single failure mode, avoiding the
complexity of multi-modal failure mechanisms. Commercial
composite strips, made of polyethylene terephthalate (PET)
micro-filaments embedded in a polyethylene (PE) matrix, were
used in the study assuming the conceptual role of sound-
emitting material. The PET filaments were arranged both longi-
tudinally and transversely with respect to the sample length,
creating a distinct pattern depicted schematically in Fig. 1(a).
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(a) Image of a PET network that forms the PE/PET composite strip and test set-up for the incipient damage detection comprising a mechanically suspended
piezoweb formed by an electrospun Polyvinylidene Fluoride mat (PVDF web), a laser vibrometer and a commercial microphone as non-contact monitoring
devices; (b) Optical image of an electrospun piezoweb highlighting the lightness and flexibility while being held and bent. The inset shows an SEM image of
the PVDF web morphology without any sample treatment. The random distribution of the electrospun microfibers forms a nanoporous structure which
enhances the interaction with the vibrating air particles; (c) Schematic of the acoustic piezoweb sensor (PVDF web sensor) which comprises top and bottom
annular shaped Al electrodes which form a sandwich structure. The electrospinning process defines the orientation of the B and vy crystalline phases,
perpendicularly to the PVDF web plane (schematically represented). The annular electrodes collect the generated charges. Such electrode shape does not
allow to fully collect all charges but has the advantage of leaving the central part of the membrane be free-to-vibrate; (d) FTIR spectrum acquired with a
resolution of 4, a gain of 1 and 32 scans, range 500-1500 cm™; (e) XRD spectrum performed on a 2 cm x 2 cm PVDF membrane.

The composite strips underwent failure via tensile loading at a characterized by a linear phase followed by nonlinear softening
speed of 2.4 mm/s. up to a maximum tensile load within 43 N and 48 N. A further

Fig. 2(a) illustrates a typical response, while Fig. 1(a) providesa  material softening is then followed either by a macroscopic sud-
schematic representation of the test setup. A typical response is den failure or by consecutive drops of force towards a flat plateau
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(a) Example of a tensile response of the composite strip (180 pm thick, 6 cm long and 1 cm wide) in terms of Force evolution over Time in response to a
linearly increasing applied displacement. The arrows highlight some of the energy releases due to two types of microfilaments breaking highlighted in
(Fig. 3); (b) higher magnification of the first impulsive peak indicated with the grey arrow in (c) which highlights the vibration noise that characterizes the
isolated high amplitude peaks. The inset shows a picture of the PVDF web while being monitored with the laser and the simultaneous data acquisition of the
PVDF web data; (d) consecutive frames of a composite strip during tensile testing highlighting the onset of filaments failure and plasticization of the PE
matrix; (d) Time domain response of the composite strip, in terms of velocity, acquired by the laser focused on the center of the strip. The isolated impulsive
peaks refer to the breakages of single knitted microfilaments (black and green colored), breakage of single microwires (red colored) while breaking of a single
knitted microfilament followed by a train of microwires failures are blue colored. The inset shows the frames extracted from a video recorded during the
tensile testing of a PET net extracted from the composite strip. The frames were selected to highlight the case of failure/sliding of independent microwires
forming a knitted microfilament; (e) Picture of the experimental setup highlighting the suspended PVDF web, the clamped sample for tensile testing, the
commercial microphone and the laser vibrometer focused on the sample.

(e.g. Fig. 2(a)). The analysis of the sample morphology during
testing, combined with experiments conducted at varying load-
ing speeds, the simultaneous recording of induced vibrations
and emitted sound, and the investigation of the failure mode
of a pure PET net extracted from the PE matrix, revealed the com-
plex intrinsic mechanisms governing composite strip vibrations.
The load-bearing capacity of the system is primarily supported by
the PET net, which elongates in the direction of the applied load

until filament failure occurs. Morphological analysis, as shown in
Fig. 3, reveals the hierarchical microstructure of the PET net that
is formed by a regular grid of longitudinal and transversal fila-
ments. In the longitudinal direction, the filaments consist of
bundles of three knitted microfilaments, each made up of 16
PET microwires with a diameter of 16 pum (as depicted in Fig. 3
(c)). The knitting architecture forms a chain of elongated rings
consisting of long, slender legs and high-curvature loops. Inde-
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' (c)

Optical microscope images of the PET net architecture and hierarchical structure of the forming microfilaments. The net was disassembled from the PE
composite strip by placing the strip on a petri dish and by pouring chloroform to form a bath. The solvent rapidly softened the adhesive layer, releasing the
net in approximately 3 min, at room temperature. (a) Image of the transversal microfilaments that form the net show the aligned arrangement of the
microwires; (b) Image of the failure section of a broken microfilament; (c) Image of a bundle of knitted microfilaments being each single knitted microfilament
formed by the microwires pictured in the round inset. The image also highlights the architectural arrangement and the failure modes m; and m; via a light
blue dashed-line circle (mode m;) and a black circle (mode m;), being m, the failure mode characterized by breakage of the microwires that form the knitted
microfilament, and m, breakage of a single knitted microfilament formed by an assembly of knitted microwires; (d) Consecutive frames of a freestanding PET
net (extracted from the matrix) while being loaded in tension. The last frame shows the first failure of a knitted microfilament.

pendent tensile testing of a PET net extracted from the composite
strip reveals that, as the applied load increases, these bundles
gradually elongate due to the extension of the rings along the
loading direction. This process aligns the bundles perfectly with
the applied load until failure occurs (as shown in Fig. 3(d) and
the inset of Fig. 2(d)).

Failure consistently occurs in the sharp loop region of the
chains, either as an apparently simultaneous rupture of the knit-
ted microfilaments (last frame of Fig. 3(d)) or as sequential break-
ages of the microwires forming the microfilaments (third frame
of Fig. 2(d)). Details of these failure modes are discussed later in
conjunction with the vibration analysis. In the latter case, the
failure of microwires is followed by their relative sliding, as
clearly illustrated in the inset frames of Fig. 2(d).

The distinct failure features of the independent PET net dic-
tate the failure mechanisms of the composite strip, as the net is
anchored to the PE matrix. An initial failure of the outermost
PET filament is recorded, leading to a localized reduction in
load-bearing capability. This triggers significant local elongation
of the embedding PE matrix, resulting in the formation of a neck
along the corresponding edge of the composite strip. This neck-

ing occurs due to a V-shaped deviation of the transversal micro-
filaments, both observable in the insets of Fig. 2(a).

The neck formation signals the onset of matrix plasticization,
which intensifies as neighboring filaments break. This plasticiza-
tion is macroscopically identified by a localized whitening of the
PE matrix, caused by the immediate alignment and sliding of its
molecular chains. Subsequent filament breakages in the PET net
drive the propagation of plasticization across the sample's width
and towards the opposite edge. This continues until the PET net
fully fails, and the composite strip's cross-section becomes com-
pletely plasticized.

Finally, the PE matrix tears, initiating from the region of the
first filament failure, which experiences the highest strain level.

The described mechanisms, observable macroscopically
through the consecutive frames in Fig. 2(c), govern the overall
mechanical response shown in Fig. 2(a) and the force drops
observed during local PET net failure. In general, the energy
released during local failures induces vibrations in the composite
strip, producing sound that carries specific phonetic signatures.
As detailed in the analyses below, these vibrations (and the cor-
responding voicing mechanism) are influenced by: the breaking
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FIG. 4

Response of the three monitoring devices for the failure of a single knitted microfilament (failure mode m,) referred to the third green peak in Fig. 2(d). The
laser data in all graphs are reported in red color, the commercial microphone data are in blue color, while the piezoweb (PVDF web) data are in black color. (a)
From top to bottom: laser, commercial microphone and PVDF web. The laser response is reported in terms of velocity, with a sampling rate of 9.76 ps and
with a maximum impulsive action that reaches 10.71 mm/s. The commercial microphone with an acquisition rate of 5.2 us shows a distorted travelling wave
packet with a maximum initial impulsive peak of 3.5 mV. The piezoweb is also capable to detect the impulsive action with a maximum acquired raw voltage
of 6.5 mV. (b) FFT of the piezoweb for the single microfilament failure in which three dominant peaks can be distinguished at 363 Hz, 2091 Hz and 4045 Hz.
The inset shows the free vibration response (as voltage vs. time) of the piezoweb once surface mounted on a glass fiber composite cantilever actuated with
an impulsive mechanical action. The response of the laser focused on the free edge of the cantilever is also reported for comparison in terms of velocity vs
time. (c) FFT of the three devices (laser, commercial mic and piezoweb) for the second peak analyses. The commercial mic reaches the second resonance at
2044 Hz, the laser reaches resonance at 2133 Hz, while the piezoweb sets its resonance at 2091 Hz. (d) Stretching rate analysis in the time domain. Top panel:
time window of the maximum sound signal for each loading speed (strip-to-piezoweb distance: 2 cm). The corresponding values at each speed are fitted with
a second order polynomial fit. Bottom panel: sound signal for each speed (filtered data). The plotted signals are representative of those with the maximum
amplitude among all detected failures (per loading rate). Left to right signals at: 0.8 mm/s, 1.2 mm/s, 1.6 mm/s, 2.4 mm/s with corresponding time-windows
(tosr — togi) (t12f— t120), (t1sr — tiei) (t2ar — t24:), plotted as V/V,,q, over time, where V is voltage evolution over time and V,,,,, is the peak at 2.4 mm/s. (e)
Variable distance. (Left panel) Peak-to-peak amplitude with distance d from 1 cm to 5 cm (raw signal). The markers represent the maximum amplitude of each
single peak, fitted with second order polynomial. (Right panel, filtered signal) V/V,,qx vs. time, labeled with distance values, where V. is the maximum
amplitude recorded among all distances for that specific impulse (namely 2 cm). The gold-coated piezoweb is tested at a piezoweb-to-loudspeaker distance
of 3 cm.

mode of individual microfilaments (single microwires vs. knitted
microfilaments), the degree of local stretching/plasticization of
the PE matrix, and the loading speed. It is observed that direct
vibration/sound monitoring is a valuable tool for analyzing the
failure mechanisms. The velocity vs. time signal, monitored with
a laser vibrometer focused at the center of the strips, in fact
exhibited distinct peaks starting from approximately 17 % strain,

recorded before global failure even in strips that failed suddenly.
These peaks correspond to vibrations of the strip induced by the
breaking of microfilaments, over time.

The impulsively induced vibrations in the composite exhibit
distinct features. In Fig. 2(d), the black and green-colored peaks
represent purely impulsive actions, reaching a maximum peak-
to-peak value of 27 pm/sec. This mechanism corresponds to
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the breakage of a single knitted microfilament, referred to as fail-
ure mode m; (highlighted in the inset in Fig. 3(c)). Instead, the
blue-colored peaks show an initial impulsive peak (1, mode) fol-
lowed by smaller consecutive peaks occurring every 20 psec to 23
psec, with a maximum peak-to-peak amplitude ranging from
2 um/sec to 8 pm/sec. The smaller peaks are associated with con-
secutive and independent failures of microwires forming a micro-
filament (failure mode m;). Additionally, isolated low-amplitude
impulsive actions (red peaks in Fig. 2(d)) are attributed to the
sudden failure of single microwires within a microfilament. Clo-
ser examination of the high-amplitude peaks (black and green-
colored) reveals that the velocity variation over time is not purely
impulsive but consists of multiple peaks within an ultra-small
time window, followed by consecutive wave packets (Fig. 2(b)).
This vibration noise is attributed to hierarchical and densely
packed impulsive ruptures of the microwires forming a single
knitted filament.

The observed laser peaks are simultaneously captured with an
ultra-light nanostructured piezoelectric web (PVDF web) that the
authors recently demonstrated to be highly sensitive for sound
monitoring [74,75]. The sensing mat was realized with an opti-
mized electrospinnng process (Experimental Section) which
delivers spontaneously polarized PVDF webs (also named as
piezowebs) with a dz; coefficient of (22.77 + 8.94) pC/N. The
PVDF web’s electroactive phases B and vy, as well as the amor-
phous phase a are identified through the corresponding FTIR
spectrum’s peaks (B phase: 840 cm™!, 1276 cm™!, 510 cm™!
and 1482 cm™'; vy phase: 1232 cm™%; o phase: 762 cm™') high-
lighted in Fig. 1(d). The calculated crystalline content [26], F,,
Fg, and Fy of these polymorph phases is 12 %, 46 % and 42 %,
respectively for a total electroactive phase Fgs of 88 % (Experi-
mental Section). The XRD analysis (Fig. 1(c)) [26,78], corrobo-
rates the crystalline microstructure of the PVDF web, thus the
formation of the o, B, and y phases through the identification
of the corresponding deconvoluted peaks. In particular, for the
crystalline B-phase the sharp 20.30° peak (X ~ 52.55 %) refers
to the sum of diffraction in the (110) and (200) planes, while
the smaller 36.36° peak relates to the diffraction of the (310)
plane. The broader peak at 18.50° of the (020) diffraction plane
corresponds to the electroactive y-phase (X, ~ 44.90 %). A rela-
tively smaller peak that identifies the a-phase is highlighted at
17.99° for a X, ~ 2.55 %.

The scanning electron microscope (SEM) image of the fibers
highlights their random distribution and assembly in a uniform
120 pm thick, porous web. The average fibers diameter was 7 um.
The PVDF piezoweb was assembled as acoustic sensor with the
design logic in Fig. 1(c) in which two peripheral electrodes sand-
wich the web. In this way the central part of the nanostructured
membrane is directly exposed to air pressure waves generated by
the impulsive energy that is released by the failing knitted
filaments.

The membrane was allowed to vibrate freely only out-of-
plane, perpendicular to the wave fronts to be captured. It was
mechanically suspended using four elastic elements fixed at the
web's edges (see Fig. 1(a)). The piezowebs were slightly tensioned
to ensure a flat configuration and precise orientation relative to
the propagating wave-fronts. Reference symmetric wavefronts

were detected using a commercial microphone. The PVDF micro-
fibers that form the piezoweb, despite being in micrometer scale,
form an array of nanopores that are randomly distributed over
the web, making the web extremely light (0.15 g) without affect-
ing its capability to capture the vibrations of the surrounding air
particles. As a result, the pressure wave dynamically excites the
PVDF microfibers that get charged up with a time-dependent
charge that is directly related to the energy released by the break-
ing filaments. The voltage generated by the piezoweb is reported
as a function of time, for a single breaking knitted microfilament
(mode type my) and its response is compared with that of the
commercial microphone and of the vibrating composite
(Fig. 4(a)).

The three detected signals are perfectly synchronized, indicat-
ing that the impulsive input of the composite, captured through
the laser output, transforms into the mentioned wave packet dur-
ing flight. This packet is clearly evident in both the PVDF piezo-
web and commercial microphone acquisitions. The unfiltered
web signal appears more stable and sensitive compared to the
microphone, although the microphone has a higher signal-to-
noise ratio due to its internal conditioning system. Fig. 4 demon-
strates that the PVDF piezoweb signal has higher fidelity than the
microphone signal, if compared with the composite vibrations.

The web effectively detected low-energy sound from the vibra-
tion noise caused by scattered failures of microwires within rup-
turing knitted filaments, as illustrated in Fig. 2(b). This is notable
given its small footprint and being stretched by elastic springs,
factors that typically reduce its performance. Elastic springs dam-
pen vibration amplitudes, while a small footprint limits the area
exposed to acoustic waves [76].

The small size was chosen for localized damage detection. The
commercial microphone does not exhibit the consecutive peaks
characteristic of knitted microfilament failure (in the the time-
domain). However, the microphone is highly sensitive to
reflected wave packets, while these are lost within noise in the
PVDF piezoweb response. This observation makes the piezoweb
an even more powerful device for damage recognition. Laser
acquisition was utilized to validate two crucial aspects. Firstly,
it monitored the dynamic response of the composite caused by
the breaking wires. Secondly, it confirmed that the signal output
of the suspended piezoweb solely relates to the sound propaga-
tion from the vibrating composite (non-contact configuration),
not the composite's vibration itself. This distinction was neces-
sary as the piezoweb, being piezoelectric, could generate voltage
output if directly mounted on the strip (contact configuration).
The direct mounting on the composite strip would have altered
the strip response since the two have comparable thicknesses.
To demonstrate this, the response of the piezoweb in contact
configuration was then compared with laser monitoring of a stif-
fer glass fiber sample, showing a close match in detected vibra-
tions (Fig. 4(b)). The analysis of the sound signal acquired by
the PVDF piezoweb, in the frequency domain, allows the identi-
fication of the frequencies that are activated upon the impulsive
breakage of the micro-filament. The corresponding Fast Fourier
Transform (FFT) of the signal is shown in Fig. 4(b) in which three
main peaks at 364 Hz, 2,091 Hz and 4,045 Hz are clearly identi-
fied within a frequency range up to 5 kHz. The analyses of the
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signals acquired from the laser and the commercial microphone,
also highlight similar peaks. For instance, the comparison of the
second peak of the FFT signal coming from all three devices can
also be viewed in Fig. 4(c). The sound signal of the piezoweb is
found to have a natural frequency that is closer to that of the res-
onating composite (2133 Hz) with respect to the microphone
output which is near 2,044 Hz.

The effect of loading speed on composite strip vibrations and
the associated voicing mechanism (discussed in section 3) was
examined. Increasing loading speed resulted in a higher rate of
hierarchical failures within the microfilament structures (Fig. 4
(d)), causing denser ruptures and partial sound overlap in the
time-domain. This led to signal broadening (At), increased vibra-
tion noise due to scattered failures, and amplified piezoweb volt-
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Monitoring device responses for multiple filament failures in the time domain. (a) Laser, commercial microphone, and PVDF piezoweb from top to bottom
(left column), with corresponding spectrograms (right column). Laser peaks: 10, 12, 10.7 um/sec. Microphone peaks: 4.3 mV, 3.3 mV, 2.9 mV. Piezoweb peaks:
6.5 mV, 2.4 mV, 3.8 mV. Formant analysis in grey-scale map, pitches in light blue on spectrogram. (b) Intensity contour in dB for the three peaks. Devices
synchronize with breaking events. Laser intensities: 39.33 dB, 44.91 dB, 40.18 dB. Microphone intensities: 30.97 dB, 28.6 dB, 29.8 dB. Piezoweb intensities:
72.14 dB, 75.56 dB, 76.75 dB. (c) Intensity and pitch of three rupturing filaments across stretching rates (0.8 mm/s to 2.4 mm/s, raw data). Intensity /
normalized to /,,q« among the full multi-breakings events (29.24 dB at 2.4 mm/s) with a peak-to-peak voltage of 2 mV. The peaks occur at times t,,,, (n =1, 2,
3, m = index of loading rate). Two Pitch values Py, are graphed per rate: average (bolt red line) and mean (thin red line). Colors denote the loading rate,
matching intensity contours. (d) Energy intensity (gray scale) and time window (green scale). Black markers and trendlines show, for each speed, energy
intensity (square), mean energy intensity (circle) and mean intensities average of three consecutive peaks (triangle). Green markers and trendlines show time
window for three (square) and two (circle) consecutive peaks.
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age V. The At vs loading speed showed a 283 % increase from
0.8 mm/s to 2.4 mm/s (412.5 % variation in peak-to-peak signal
amplitude, Fig. 4(d)). Time-domain signals in terms of V/Vmax
are depicted in Fig. 4(d) for each loading speed, with V,,,, repre-
senting the maximum peak-to-peak voltage among all speeds
(e.g., 2.4 mm/s).

The capability of the PVDF piezoweb to detect multiple and
indeed consecutive breakings of the knitted microfilaments is
highlighted in the study as reported in the example in Fig. 5 in
which again the web response is compared with that of the other
two devices. The graphs represent the named purely impulsive
breakages and refer to the consecutive green colored peaks in
Fig. 2(d).

The frequency-domain is investigated in terms of spectral evo-
lution over time which was necessary to avoid the overlap of
impulsive signals coming from the independent breakage of
the filaments. Each breaking microfilament was found to pro-
duce a similar output in terms of composite vibration and of
sound signal in the time domain as well as in the frequency-
domain. Higher energy densities are observed in the same ranges
discussed for the single peak study with a dominant frequency
near 2,000 Hz. The free oscillations of the vibrating composite
show that higher energy densities are reached in an ultra-
narrow time window, while the detected sound signals, that
are related to a propagating acoustic sound, appear to be spread
over a larger window due to the formation of the above-
described wave packets. Similarly to the single peak analysis,
the PVDF piezoweb is able to detect very clearly the hierarchical
ruptures which occur, in an ultra-small-time step, for each of the
three consecutive microfilament failures. The commercial micro-
phone is again incapable to distinguish such highly dense micro-
failures but is instead sensitive to the reflected wavepackets
which are spread over a wide time-window. Such reflections are
not clearly captured by the piezoweb due to the lower energy
density content and to the unconditioned acquired signal. In
conclusion, such results are showing that each single hierarchical
filament, that has a similar morphological structure and mechan-
ical response, gives rise, upon breakage, to a similar sound wave
packet that carries in itself key information that are strongly
related to the impulsive hierarchical action. Most importantly,
these results highlight that the piezoweb can monitor such tran-
sient and indeed hierarchical and highly dense responses with
ultra-high accuracy with respect to the commercial microphone,
despite weighing less than 0.25 %.

<

FIG. 6

Efforts were made to improve the amplitude of the PVDF
piezoweb signal by analyzing the optimal distance of the piezo-
web from the material to be monitored and by maximizing the
acquisition of electric charges generated by the piezoweb when
exposed to sound. Fig. 4(e) shows that the distance of 2 cm
allows the wave packet to propagate and evolve reaching the
maximum amplitude among the studied cases (Experimental sec-
tion for details). V/V,,,, at 1 cm is 69 % than the 2 cm case, it
drops down to 4.2 % at 5 cm, and is nearly indistinguishable
with respect to background noise at larger distances. The trend
is consistent for the full train of acoustic impulses (right panel).
The extension of the peripheral Al electrodes in the central area
was detrimental since the film, being stiffer and mechanically
independent, disrupts the spontaneous evolution of the wave
packet. The electrification of the web with a 50 nm Au layer
didn’t provide electrical continuity (1.2 KQ across the sputtered
area), the acoustic signal was unvaried. The 100 nm layer (Fig. 4(-
e)-right panel), which ensured the porosity of the web at a rela-
tively low electrical conductivity (6 ), showed a dramatic
reduction in V/V,,., (4.7 % with respect to the uncoated web)
due to an increase in the fibers stiffness, hindering their effective
deformation in response to the vibrating air particles.

The material phonetic

Deeper and indeed unconventional analyses were then carried
out to investigate if the acquired sounds embed the fingerprints
of this specific failure mode in terms of material speech. With
such a logic, the detected sound signals generated by the fila-
ment’s failure are reinterpreted as speech waves.

In the science of human speech, formants represent one of
the key parameters to be analyzed. The vocal cords, by vibrating,
modulate air flow produced by the lungs and generate sound.
This sound is then shaped by the vocal tract to produce the pho-
netic sound which is at the base of human speech. The interest-
ing aspect is that the sound source always produces the same
sound signal, which is perceived differently thanks to the filter-
ing action of the vocal tract that adapts its shape correspondingly
to the sound to be emitted. In other words, the formants in
human speech are related to the shape of the vocal tract and,
to some extent, not to the source emitted by the vocal cords: for-
mants represent the acoustic resonance of the vocal tract. Trans-
ferring this logic into materials, the source can be reinterpreted as
the incipient damage and the material that is being damaged can
be viewed as the vocal tract. Each material is characterized by its

Phonetic analysis of the PVDF piezoweb response during multi-breaking events and stretching under a train of breakages: (a) Time domain response
(amplified and rescaled), Formant's analysis and Intensity contour. Peaks range from 2.5 mV to 6.7 mV, with intensity modulating between 63.77 dB and
77.28 dB (from the amplified signal). Formants shown in grey scale depict material speech modulation. (b) Comparison of phonetic response among devices
and its dependence on the characteristics of the breaking events. Graphs plot FO (triangular marker), F1, F2, F3 and F4 in terms of normalized peak amplitude
with formants represented by circular markers decreasing in size from F1to F4. (c) Spectrogram and time domain analysis of PVDF piezoweb under cascade-
like events (baseline for stretching analysis). Spectrogram displays raw data, time domain response filtered. Inset shows piezoweb shape and the
arrangement of the electrodes for stretching. (d) Piezoweb spectrograms at strains: 0 %, 4 %, 8 %, 16 %, 20 % with corresponding intensity contours (raw
data). Formants range: 200 Hz to 1391 Hz (0 % strain), 368 Hz to 1525 Hz (4 % strain), 200 Hz to 1558 Hz (8 % strain), 234 Hz to 1508 Hz (16 % strain), 280 Hz to
1592 Hz (20 % strain). Maximum [and mean] intensity: 32.33 dB [26.4 dB] (0 %), 26.4 dB [23.2 dB] (4 %), 27.1 dB [22.9 dB] (8 %), 27.78 dB [22.18 dB] (16 %),
23.56 dB [20.62 dB] (20 %).
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own frequency spectra and the impulsive release of energy due
its local internal failure may selectively activate specific frequen-
cies which are then captured by the PVDF piezoweb in terms of
propagating sound. It seems clear that the impulsive action has
a key role since its fingerprints can modify the activated frequen-
cies in the material. In conclusion the impulsive action due to
the occurrence of incipient damage excites specific acoustic reso-
nances of the material and such excitation, that is monitored
through the produced sound wave packets, carries in itself the
fingerprints of the source and of the material. The analysis of
the propagating sound and its reinterpretation in terms of mate-
rial speech thus represents a precious source which can give key
information about the material health. Phonetic analyses applied
to materials were performed on the monitored wave packets with
the support of PRAAT software [77]. The corresponding results
are reported in Fig. 5 in terms of formants, intensity and pitch,
for the consecutive filaments breakages reported in the same Fig-
ure. It is worth noting that such analysis has no claim of being an
in-depth study related to the phonetic of materials but has the
sole scope of highlighting its great potential of using the stan-
dard phonetic tools to reinterpret the material response in terms
of its own spoken language. The data reported in Fig. 6 refers to
the sound signals acquired by the PVDF piezoweb during the
entire tensile response of the composite strip, up to its total
failure.

The formants analysis is reported in terms of frequency vs.
time, plotted as grey-scale spectrogram (see Fig. 6(a)), in which
the three acoustic resonances of the composite, F1, F2 and F3,
can be observed in terms of darker bands.

Such darker zones are clearly identified in this case study and
their positioning along the time scale is in perfect agreement
with the peaks of the voltage vs. time response captured via
the PVDF piezoweb as depicted in the same Figure. This means
that the phonetic analysis is a powerful tool to reinterpret the
electromechanical response of the PVDF piezoweb as well as
the material’s health changes. The analysis of the intensity trend
is also found to be in great agreement with the sudden breaking
filaments, highlighting globally, an intensity level that is directly
related to the corresponding failure mode. For instance, the
microfilaments failure (m; mode), are characterized by intensity
values within the extremely narrow range of 34.22 dB to
34.92 dB. A better view of the darker bands along the spectro-
gram, which occurs upon breakage of the filaments, is pictured
in Fig. 5(a) for the case of the above discussed three consecutive
microfilaments failure. The gray-scale map identifies very clearly
the concentration of acoustic energy consistently over 2 KHz for
all three devices and, the average F1, F2 formants of the three
consecutive peaks are 2455.3 Hz/4499 Hz, 2411 Hz /4441 Hz
and 3310 Hz/3770 Hz for the laser, piezoweb and microphone
respectively. These formants values highlight the greater accu-
racy of the PVDF piezoweb to monitor the phonetic fingerprints
with respect of the commercial microphone. The superiority of
the piezoweb is also further corroborated by observing that the
composite vibration and the piezoweb show dominant energy
concentrations within an upper frequency range for the full
time-window excited by each failing microfilament (within
11 ms and 23 ms for the piezoweb, and 16 ms and 34 ms for
the laser vibrometer). Instead, the microphone’s energy focuses

in the upper frequency range just for the instantaneous impul-
sive action that is recorded by the microphone, which corre-
sponds to a total time frame of 1.8 ms, an order of magnitude
lower time-window than that of the other devices. The energy
concentration of the microphone then dramatically drops down
to ultra-low energy density levels that are carried by the men-
tioned reflected wavepackets that dominate this device response,
stabilizing the F1 values at 317 Hz.

As highlighted earlier, the sample was chosen strategically to
guarantee a sole type of rupture within the material which
should deliver similar fingerprints of incipient damage in the
phonetic analysis, a necessary step to validate the reliability of
the proposed approach. The above discussed analysis of the fila-
ments failure in the time-domain was useful to depict the hierar-
chical and multi-modal failure mechanisms that characterize the
sample. It was observed that such impulsive failures release dif-
ferent amounts of energy providing a wide range of peak-to-
peak amplitudes scattered in the time domain. To understand
if the phonetic fingerprints are related to the amplitude of the
mechanical impulse (in the time-domain), the phonetic analysis
was extended to the full time-history which comprises the full
spectrum of impulsive ruptures. The three formants (F1, F2 and
F3) of all rupturing filaments are then analyzed in terms of the
A/Amax ratio, being A the amplitude of the impulse and Amax
the amplitude of the maximum recorded impulse over the full
time-history. The corresponding analysis is reported in Fig. 6(b)
for the PVDF piezoweb, the commercial microphone and for
the laser signal that is used as reference. The size of the dots in
each graph is related to the specific Formant being monitored.
For instance, larger dots refer to F1, while the smallest dots refer
to F4, thus F2 and F3 are gradually sized in between these two
maximum and minimum values. This type of representation is
helpful to easily visualize the overall formants dependence on
the type of impulsive action. It is found that the piezoweb and
the laser cover a larger spectrum of frequencies for failures that
are characterized by lower impulsive amplitudes (A/Amax < 0.22).
The formant F1 mainly falls within 1400 Hz and 2989 Hz, for the
piezoweb and within 1683 Hz and 3314 Hz for the laser vibrom-
eter, both populating just occasionally the upper frequency spec-
trum. The formant F2 instead dominates the upper frequency
region within 3870 Hz/3420 Hz up to 5 KHz for the piezoweb/
laser respectively. The formants F3 and F4 are mostly character-
ized by ultra-low frequencies below 1 KHz, setting a minimum
at 290 Hz for the piezoweb and 370 Hz for the laser. With
increasing A/Amax both devices show that the F1, F2 and F3 for-
mants gradually populate mostly the upper frequency spectrum
with the F1 and F2 formants more densely packed within 2
KHz and 3 KHz, while F4 sits mostly in the low frequency region.
The apparent difference between the two plots is related to the
lower amount of peak data that could clearly be analyzed
through the unconditioned PVDF piezoweb signal. The micro-
phone formants as a function of A/Amax instead highlight major
differences with respect to the reference laser data especially for
A/Amax below 0.6. The major difference is related to ultra-low
F1 formants that for the microphone are mostly recorded
between 199 Hz and 402 Hz which is an order of magnitude
lower than that recorded by the piezoweb and the laser. Such a
dramatically different response is related to the lower sensitivity
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of the microphone in detecting and depicting the impulsive low-
energy sound coming from the scattered failures of the micro-
wires that are characterized by peaks that occur in consecutive
sub-us steps.

The acoustic periodicity in terms of pitch was also investi-
gated through an autocorrelation method [51]. The interesting
aspect of the pitch study is that its digits are solely related to
the incipient damage. Pitch is in fact a measure of the vibration
speed of the source. Higher pitches usually indicate rapid oscilla-
tions versus lower pitches indicate slower oscillations. The extre-
mely irregular waveform pattern due to the sudden and scattered
microfilaments failure is, to some extent, similar to those spoken
languages in which some tones lower, rapidly shifting to radi-
cally different periods. In these languages the waveform does
not follow a real periodic pattern, as in the case of microfilaments
failures. The material is thus considered to be in “silence” during
undamaged mechanical stretching, instead it “speaks” when it
suddenly damages. This assumption leads to the concept that
the large number of failing microwires, that release energy in a
wide range, can be reinterpreted as a nonperiodic and scattered
train of voiced/unvoiced patterns. In the sound of speech
voiced/unvoiced patterns characterize radical transitions that
might occur for instance through accidental strong voiceless
(or voiced) sound with respect to a voiced (or voiceless) part.
Such transitions are phonetically analyzed by tuning the
voiced/unvoiced cost: higher costs decrease the number of tran-
sitions, and, oppositely, lower costs increase such a number [51].
The unique features of the sound emitted by the material are
thus analyzed in terms of pitch by widening the pitch range to
5KHz and by adopting a voiced/unvoiced detection cost of
0.14p to increase the number of acceptable voiced/unvoiced
transitions. Such a cost is three orders of magnitude lower than
that used for human speech. The corresponding pitches detected
for the three devices are reported on the spectrogram as light blue
lines for the three consecutive peaks in Fig. 5. The PVDF piezo-
web pitches (1st: 2449 Hz, 2nd: 2395 Hz, 3rd: 2203 Hz) are in
great agreement with those of the laser (1st: 2451 Hz, 2nd:
2449.9 Hz and 3rd: 2196.4 Hz). Instead, the microphone pitches
within a similar range could be detected only by analyzing the
ultra-small-time window of 0.1 ms to 0.2 ms that corresponds
to the wave front that reaches first the microphone and by
fine-tuning the silence and voicing threshold as typically done
in speech analysis to overcome background noise. Fig. 5 in fact
shows that outside this window the pitches set to ultra-low val-
ues, in perfect agreement with the overall microphone spectral
and time-domain response. Despite the implementation of ad-
hoc strategies for the microphone analysis, according to which
the voicing threshold is lowered to 0.045, the detected micro-
phone pitches (1st: 2511 Hz, 2nd: 3372 Hz, 3rd: 3648 Hz) diverge
from those of the laser and piezoweb. The analysis of the pitch as
a function of peak amplitude variation is reported in Fig. 6(b) in
which the pitch F, values are represented by triangular markers.
It is observed that pitch doesn’t seem to change with the peak
amplitude, an average 2649.5 Hz, 2426 Hz and 3409 Hz is in fact
measured for the laser, piezoweb and microphone, respectively.
This result is in perfect agreement with the concept that pitch
refers solely to the speed of the sound source which, in this case
study, is of the same nature for each breaking event since failure

of the hierarchical filaments is the sum of a number of identical
to-each-other microwires which should deliver similar finger-
prints of the source. In principle, just the energy release is
expected to change, since it is related to the number of micro-
wires failing simultaneously, in cascade or with a pause, deliver-
ing an overall voiced/unvoiced sound pattern. The analysis of
the pitch in terms of progressive failures shows however an
indeed interesting trend for the PVDF piezoweb and the laser.
The fundamental F, frequency is in fact found to progressively
decrease with increasing number of filaments failures. An overall
28 % and 22 % pitch decrease is respectively detected for the laser
and the piezoweb. This result can be explained by considering
that, while in humans the vocal cords act independently from
the vocal tract that changes shape to modulate the sound emit-
ted by the cords, in the composite case the breaking filaments,
that play in the material the same role of the vocal cords, to some
extent are affected in their vibration speed by the hosting mate-
rial whose local rigidity impulsively decreases with increasing
consecutive failures, as discussed in Fig. 2(a). In other words,
the vocal tract of the material changes progressively and “perma-
nently” in the case of a failure test and this affects the actuation
speed of the embedded material’s vocal cords that correspond-
ingly decreases. The permanent phonetic changes of the material
are in fact demonstrated through the PVDF piezoweb and laser
that respectively reported a 21 % and 5 % decrease in first for-
mant (F1) when comparing the initial and ultimate filaments
failures. The microphone response instead didn’t show the same
clear logic in the recorded mechanical and phonetic data.

Finally, the intensity contour that is related to sound power
and is expressed dB as loudness, shows that all filaments, while
breaking, induce a sound pressure level that is related to the fail-
ure mode. The intensity plot of the three consecutive peaks in
Fig. 5(b), shows in fact a similar trend since all three failures refer
to mode m,. The intensity contour of the full failure test, that is
reported in Fig. 6(a) for the piezoweb case, highlights that the
intensity module is in perfect agreement with the recorded
time-history and impulsive actions.

Analyzing voicing mechanisms under varied loading speeds
(Fig. 4(d)) reveals a key finding: faster speeds accelerate filament
breakage, narrowing the time window for rupturing events,
resulting in fused voiced/unvoiced transitions thus to height-
ened peak intensities. However, intensified local peaks may not
directly correlate with an overall increase in mean energy release
during multi-breaking events. The mean energy release varies
with loading speed at a lower rate than isolated peak intensities,
indicating a strong dependency on the material's molecular
structure rather than molecular rearrangements, which are lim-
ited under rapid loading. Additionally, the study suggests a slight
correlation between loading speed and vocal cord vibration
speed (pitch). The described voicing mechanism is well-
supported by experimental findings. In Fig. 5(c), the increase in
energy intensity due to the overlap of the voiced/unvoiced tran-
sitions is evident across consecutive breakages at various speeds.
Additionally, Fig. 5(d) illustrates energy and mean energy inten-
sity changes of the maximum peak within multi-breaking events
at different speeds. For instance, the maximum intensity rises
from 17.26 pE (dB) to 29.24 pE (dB) as speed increases from
0.8 mm/s to 2.4 mm/s, with corresponding time windows rang-
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ing from 542 ps to 95 ps. Mean peak intensities reach 22.05 pE
(dB) at the maximum loading rate. In Fig. 5(c), a modest rate of
increase is observed by averaging the mean intensity of the three
consecutive peaks across different loading speeds: 16.6 pE (dB)
and 19.7 pE (dB) at the lowest and highest speeds, respectively.
The latter finding supports the stronger influence of the mate-
rial's molecular structure on overall mean energy compared to
loading speed. Additionally, the three consecutive peaks exhibit
minor pitch variations with increasing speed. For instance, an
average 2392 Hz (SD 34) and 2220 Hz (SD 100), representing a
7 % decrease in pitch, are recorded at loading speeds of
2.4 mm/s and 1.2 mm/s (100 % speed variation), respectively.
These pitch changes may be linked to modulus increases with
loading speed (482.5 MPa and 466.23 MPa at 2.4 mm/s and
1.2 mm/s, respectively), resulting in faster increase in the fila-

ments’ frequency (being f =+ \/%) causing an increase in parti-

cle’s velocity, thus of pitch.

The analysis of the voicing mechanism, particularly under-
standing the links between intensity, pitch, material's molecular
structure, integrity, and mechanical parameters (e.g., stiffness),
confirms the reliability of the proposed phonetic approach in
detecting the material's fingerprint towards material’s speech.

The great quality of the sound perceived by the fibrous web
was reproduced and recorded. The corresponding sound can be
appreciated playing the audio file included in the supporting
material.

The study aims to explore the PVDF piezoweb's potential in
detecting phonetic fingerprints while stretched, envisioning its
coupling with sound-emitting materials. Fig. 6(c) illustrates the
piezoweb's response during strip tearing, as detailed in the Exper-
imental section.

Induced breakages are evident from consecutive peaks in the
time-domain response and corresponding darker areas in the
gray-scale spectrogram. These breakages, occurring within an
ultra-small time window (on average 143 ps for full strip failure),
resemble a cascade of failing microfilaments. Such rapid ruptures
result in overlapping emitted sounds, phonetically represented
by a global intensity contour rather than isolated peaks for each
breaking microfilament. This suggests that contour analysis cap-
tures the full energy intensity spectrum emitted by the breaking
strip. Fig. 6(d) shows intensity contours for increasing piezoweb
stretching. Interestingly, stretching the piezoweb doesn't signifi-
cantly affect its ability to capture the material's acoustic proper-
ties. Only a 16.2 % variation in maximum intensity and a
13.8 % variation in mean intensity are detected when stretching
the piezoweb up to 16 % strain.

The absence of a clear intensity trend with stretching, coupled
with piezoweb morphology inspection at each degree of stretch-
ing, indicates energy intensity changes are mainly due to local
triboelectric contact loss between Al electrodes and the piezo-
web. Triboelectric loss increases at 20 % strain, resulting in a
27.8 % intensity decrease.

The spectrograms in Fig. 6(d) illustrate the piezoweb's ability
to detect the fingerprints of rupturing filaments at different
stretching levels, despite a decrease in acquired charges. Darker

bands indicate formants from 200 Hz to 1391 Hz in the
unstretched web. Increased web stiffness with stretching
enhances sensitivity to higher frequencies, widening the for-
mant frequency window. At 20 % strain, the upper value shifts
to 1592 Hz (further details in figure caption). Analysis focuses
on frequencies below 1700 Hz to avoid interference with setup
noise (see inset, Fig. 6(c)).

Conclusion

The work presented in this paper shows for the first time in liter-
ature that sound signals generated from materials can be reinter-
preted in terms of material’s speech. The detected sounds encode
in themselves speech-related information that can be used to
assess, among other things, the material health state. This find-
ing represents a seed toward the conceptual idea that materials
can embed humanoid functionalities. In such a frame of mind,
the usage of ultra-light-in-weight microphones, as the nanostruc-
tured web presented in this study, is necessary to capture and
reinterpret the energy that is released from the materials.

Experimental section/methods

PVDF powder (1.9 g, 534Kgmol ') (Sigma Aldrich), was mixed
with 3 mL of DMA (N, N-dimetilacetammide) and 7 mL of Ace-
tone, was heated (80° C) and magnetically stirred on a hot plate
for 2 h, then was cooled to room temperature. Electrospinning
parameters. needle-to-collector distance 12 cm, 12 KV, 0.8 mL/
hr for 3 min, air drying for 30 min. Microscopic inspections to
analyze structural uniformity, morphology, fiber and web thick-
ness. Crystallinity analysis: electroactive/ non-polar phases were
quantified with Nicolet Summit FTIR Spectrometer (Thermo
Fisher-ATR mode) and with X-Ray diffraction analysis with
XRD D8 Discover (Bruker) performed with Cu Ko radiation at
40 KV and 30 mA [26,78]. Acoustic sensor assembly. 8.5 x 8.5 c
m? of PVDF web was sandwiched between two 6x8 cm? rectangu-
lar Al foil electrodes with a circular hole of 2.5 cm in diameter.

Commercial composite strips (Tesa R) (180 pm thick, 6 cm
long, 1 cm wide) were tested in tension (at a temperature of
19 °C and 64 % humidity) with a slight tilt and 2.4 mm/s dis-
placement control. The piezoweb was suspended at 3 cm. The
oscilloscope signal was amplified a hundred times for the analy-
sis, unless specified otherwise, analyzed data were remodulated
to their unamplified values.

A pre-polarized omnidirectional condenser microphone (Mel-
Lab) was placed symmetrically opposite the composite. A Polytec
laser vibrometer (MSAS00) was orthogonally focused at the sam-
ple's center. Laser data, converted into an audio file using a
MatLab script, was played through a speaker at distances ranging
from 1 cm to 6 cm from the sensor.

A 50 nm and 100 nm gold layer were sputtered on the top and
bottom of the piezoweb and were tested at a 3 cm distance from
the speaker. Tensile tests were conducted on composites measur-
ing 2 cm in length and 1 cm in width at 28 °C and 75 % humid-
ity. Testing speeds varied from 2.4 mm/s to 0.8 mm/s, while the
piezoweb monitored sound from a distance of 2 cm. The elastic

modulus was analyzed by conducting tensile tests on
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5 cm x 1 cm samples at different loading speeds. The piezoweb
sensor, mounted on a tensile testing system with insulating
strips, monitored the rupture of a composite strip placed at
2 cm. The test was repeated, gradually stretching the piezoweb
up to 20 % strain. In this study, a 5 cm strip with a 5 mm pre-
cut was horizontally clamped between rigid, electrically insulat-
ing plates and sheared at a high rate for rapid rupture (between
96 us and 157 ps). The piezoweb sensor design was modified
for stretching, involving: (1) square peripheral electrodes sand-
wiching a 2.5 cm x 2.5 cm membrane for uniform stretching;
(2) As Al couldn't stretch, electrodes were divided in half, with
flying electrical connectors to ensure charge capture.

The piezoweb was surface-mounted on a free-vibrating glass
fiber composite cantilever (in contact mode), simultaneously
monitored by a laser focused at the free tip.
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