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Wet-spun Ag/PZT/TPU composite piezoelectric
fibers with ultrahigh flexibility: fabrication,

performance, and sensing response
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In the field of self-powered sensing, the demand for materials with enhanced wearing comfort and superior

flexibility has become increasingly prominent, driven by the rapid advancement of wearable electronics and

intelligent monitoring technologies. Although piezoelectric ceramics exhibit exceptional piezoelectric

performance, their inherent brittleness and poor deformability severely restrict their practical applicability

in flexible self-powered sensors. In pursuit of addressing the requirement for improved wearing comfort

while retaining efficient energy conversion capability, elastomer-based composite fibers have emerged

as a promising class of materials and developed rapidly in recent years. Nevertheless, a critical challenge

remains in achieving uniform dispersion of fillers within the polymer matrix and the fabrication of defect-

free composite fibers under high filler loading, primarily due to the significant surface energy discrepancy

between the fillers and the polymer matrix. In this work, a novel thermoplastic polyurethane (TPU) based

composite piezoelectric fiber with strong organic—inorganic interfacial adhesion and uniform high-

content filler dispersion was proposed, achieved by interfacial modification of PZT and in situ reduced Ag

nanoparticles (AgNPs) into TPU via wet spinning for flexible wearable piezoelectric sensors. Notably,

even at total inorganic filler loadings surpassing 80 wt%, the resultant composite fibers maintain

outstanding mechanical properties, with breaking strength >10 MPa and elongation at break >200%.
When optimized with 80 wt% PZT and 3 wt% Ag precursor, the composite fibers, after weaving into
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fabrics and corona polarization, exhibit ultrahigh piezoelectric output sensitivity of 133 + 2.1 mV N7t and

ultrafast response time (=20 ms). This work offers a scalable fabrication route for high-performance
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1 Introduction

Piezoelectric sensors have emerged as one of the core devices in
the intelligent sensing field, leveraging their advantages of
direct mechanical-to-electrical energy conversion, self-powered
capability, millisecond-level dynamic response speed, and no
need for external power supply.'™ Their application scenarios
have expanded from traditional industrial detection to cutting-
edge fields, including smart wearable devices (e.g., wristbands
for motion posture monitoring),** medical monitoring (e.g,
patches for pulse waveform acquisition),*” human-computer
interaction (e.g., flexible touch gloves),*® and bionic electronics
(e.g., cochlear implants).****

Generally, piezoelectric materials can be categorized into
three types: inorganic piezoelectric ceramics (e.g:, lead zirconate
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piezoelectric fibers, which is helpful for self-powered sensors with better performance and more
comfortable use in human motion monitoring and recognition.

titanate (PZT), barium titanate (BaTiOs)), organic piezoelectric
polymers (e.g., poly(vinylidene fluoride) (PVDF) and its copoly-
mers), and composite piezoelectric materials. Among them, PZT
exhibits an ultrahigh piezoelectric coefficient of 500-600 pC
N~', making it the inorganic material with the most
outstanding piezoelectric performance to date.>** However, its
inherent drawbacks of high brittleness (elongation at break
<1%) and poor processability limit its application in flexible
devices. Although BaTiO; features a relatively low cost and
greater environmental benignity, its relatively low Curie
temperature (=120 °C) renders it prone to depolarization and
subsequent functional failure during service. Organic piezo-
electric polymers, represented by fluorine-containing copoly-
mers, possess excellent flexibility and biocompatibility, but
their piezoelectric coefficient is merely 20-60 pC N, leading to
insufficient energy conversion efficiency."*'® Composite piezo-
electric materials achieve performance complementarity by
dispersing inorganic piezoelectric phases within a flexible
polymer matrix. Thermoplastic polyurethane (TPU) has
emerged as an ideal flexible matrix due to its integrated
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advantages of high elasticity (elongation at break >500%), wear
resistance, and hydrolysis resistance.'”*

Nevertheless, a prominent contradiction exists in this
composite system: to achieve a detectable piezoelectric
response, the mass fraction of PZT typically needs to be
increased to over 60% (even up to 80% in some studies).?***
However, high PZT content results in increased spinning diffi-
culty and more internal structural defects of the composite
system, leading to a dilemma where piezoelectric performance
and flexibility are mutually exclusive. Fortunately, researchers
have found that incorporating conductive materials, such as
incorporating conductive fillers (e.g., silver nanoparticles
(AgNPs), carbon nanomaterials, MXenes) into the piezoelectric
polymer/ceramic matrix or constructing core-shell structured
piezoelectric ceramics into the composite system can modulate
the dielectric constant of the composite.””>* This implies that
under the premise of ensuring equivalent piezoelectric output,
the PZT loading can be appropriately reduced, thereby allevi-
ating the constraint of high ceramic content on the process-
ability of the composite fibers. The enhancement of
piezoelectric performance is governed by the synergistic inter-
play of three distinct roles played by conductive fillers: the
facilitation of dipole alignment during poling treatment, the
augmentation of electromechanical conversion efficiency upon
stress transfer, and the establishment of expedited charge
transport pathways during energy harvesting. Notably, it has
been reported that an optimal AgNP loading of approximately
3 wt% yields the most significant improvement, whereas
exceeding this threshold leads to a deterioration in piezoelectric
properties due to a reduced effective polarization voltage.
Accordingly, the AgNP content in this work was set with refer-
ence to this optimized loading level. Fibrous piezoelectric
sensing materials exhibit significant advantages over traditional
film materials due to their unique one-dimensional (1D)
structure.” They meet the core requirements of wearable smart
materials, including comfort, durability, and multi-
functionality, and have thus emerged as a research focus in
fields such as smart apparel, wearable health monitoring, and
motion sensing.”’*?® The main preparation technologies can be
categorized into three types: electrospinning, melt spinning,
and wet spinning. Electrospinning realizes fiber formation from
spinning dope driven by a high-voltage electric field, enabling
the fabrication of nanoscale fibers. Although its porous struc-
ture is conducive to breathability, the resulting fibrous mate-
rials exhibit extremely low mechanical strength (typically
<10 MPa in breaking strength), and the production efficiency of
a single nozzle is only 0.1-1 g h™", which limits its wide appli-
cation.”?*® Melt spinning achieves fiber formation via high-
temperature melting of polymers. While it possesses
industrial-scale mass production capability, the high-viscosity
molten polymers lead to poor dispersion of inorganic parti-
cles and limited powder loading (<30%). Additionally, the high-
temperature processing environment causes deterioration of
PZT's piezoelectric performance.*** In contrast, wet spinning is
a continuous fiber production process involving solution
extrusion followed by coagulation bath solidification. It offers
greater room for regulating particle dispersion in the spinning

14124 | RSC Adv, 2026, 16, 14123-14134

View Article Online

Paper

dope, enabling continuous spinning of fibers with high powder
loading.**** Meanwhile, its processing temperature is close to
room temperature, which avoids performance degradation of
functional fillers caused by high temperatures.

Nonetheless, high functional filler loadings tend to induce
filler agglomeration and interface defects due to the significant
polarity difference between the organic polymer matrix and the
inorganic fillers and insufficient interfacial bonding force,
resulting in a decrease in performance and significant damage
to mechanical properties. For instance, it has been well docu-
mented in wet-spun functional fibers that inorganic filler
loadings exceeding 60 wt% typically result in an elongation at
break below 200%.%°** These literature values highlight the
persistent challenge of simultaneously achieving high filler
content and retaining mechanical flexibility in polymer
composite fibers. Concurrently, the voids hinder the interfacial
transport of piezoelectric charges, ultimately leading to charge
dissipation. Hence surface modification is essential to address
compatibility and interfacial issues.**™**

To address these critical challenges, this study presents
a synergistic process strategy involving the integration of
interface modification and in situ reduction. Specifically, a high-
concentration PZT dispersion is first formulated via silane
coupling agent functionalization combined with ultrasonic
dispersion, followed by the introduction of a silver precursor
and TPU to yield a homogeneous spinning dope. Subsequently,
in situ reduction is implemented to convert silver ions within
the dope into AgNPs, and Ag/PZT/TPU composite piezoelectric
fibers are ultimately fabricated via wet spinning. The results
demonstrate that the as-fabricated composite fibers possess
superior piezoelectric sensing capabilities, robust organic-
inorganic interfacial adhesion, and excellent mechanical
performance (a breaking strength exceeding 10 MPa and an
elongation at break of over 200%). Upon fabrication into fabrics
and subsequent poling, the resultant assemblies exhibit an
exceptional piezoelectric sensitivity of up to (133 £2.1) mV N,
This work lays a solid foundation for the advancement of
wearable sensing fabrics by offering novel functional fibrous
materials and valuable technical insights.

2 Experimental section
2.1 Materials

Piezoelectric ceramic (PZT, particle size: 500-1000 nm, analyt-
ical grade, Quanzhou Qijin New Materials Technology Co., Ltd);
thermoplastic polyurethane (TPU, chemical grade, Shanghai
Vita Chemical Reagent Co., Ltd); N,N-dimethylformamide
(DMF, analytical grade, Shanghai Aladdin Biochemical Tech-
nology Co., Ltd); silver trifluoroacetate (chemical grade,
Shanghai Macklin Biochemical Technology Co., Ltd); ascorbic
acid (reducing agent, chemical grade, Shanghai Macklin
Biochemical Technology Co., Ltd); silane coupling agent (KBM-
503, chemical grade, Shin-Etsu Chemical Co., Ltd, Japan). All of
the chemicals were used as received without further
purification.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of spinning solution

PZT [Pb(ZrxTi; _x)O3] powder and silane coupling agent (KH550)
were added to DMF. First, magnetic stirring was conducted at
room temperature for 1 h, followed by ultrasonic dispersion (FS-
1200N) in an ice-water bath for 20 min to obtain a modified PZT
dispersion. TPU was then added to the dispersion, and
magnetic stirring was maintained for 8 h until complete
dissolution, yielding the PZT/TPU spinning dope. Meanwhile,
a 25 wt% ascorbic acid solution was prepared using DMF as the
solvent, serving as the reducing agent for later use. Subse-
quently, silver trifluoroacetate powder was added to the PZT/
TPU spinning dope, and the mixture was stirred for 2 h until
the powder was completely dissolved and thoroughly mixed
with the dope, with the entire process protected from light.
Finally, the prepared reducing agent was dropwise added to the
aforementioned spinning dope, and continuous stirring was
performed for 1 h to ensure sufficient in situ reduction of Ag" to
AgNPs, thus obtaining the Ag/PZT/TPU spinning dope. The
reaction formula is shown below:

2AgOCOCF; + C¢HgOg¢ — 2Ag(s) + C¢HgOg + 2CF;COOH

The reduction process is initiated by deprotonation of
ascorbic acid, yielding a monoanion that transiently coordi-
nates with Ag. This coordination event triggers electron trans-
fer, leading to the oxidation of ascorbate to dehydroascorbic
acid and the simultaneous reduction of surrounding Ag* to Ag°.
The resultant Ag® undergo rapid nucleation and isotropic
growth, yielding colloidal nanoparticles. The trifluoroacetate
counterions, acting as weakly coordinating anions, remain
spectator species throughout the reduction and are ultimately
protonated to release trifluoroacetic acid without perturbing the
nucleation kinetics. Compared with the commonly employed
nitrate counterpart, silver trifluoroacetate exhibits superior
solubility in organic media and suppressed side reactions,
enabling the formation of smaller and more uniformly
dispersed Ag nanoparticles with homogeneous distribution
within the spinning dope (Fig. 1).

2.3 Wet-spinning process

Prior to spinning, the Ag/PZT/TPU spinning dope was allowed to
stand statically in a vacuum oven (YK-A1, =0.08 MPa) for 30 min
to remove trapped air bubbles via degassing. Wet spinning was
performed using a 21G spinning nozzle, and the spinning dope
was injected into a coagulation bath consisting of hot water (80—
85 °C). As the solvent in the spinning dope continuously
diffused and precipitated, the as-spun fibers solidified and
formed. Subsequently, the as-spun fibers, following drawing by
the drawing rollers, were collected by the winding device, thus
yielding continuous Ag/PZT/TPU fibers. The diameter of the
fibers was controlled by adjusting the injection rate, the rota-
tion speed of the first drawing roller, and the drawing ratio. In
this study, the injection rate was set at 2 mm min ', that of the
first drawing roller was 8.5 rpm, and the drawing ratio was 1.5.
Afterward, the as-spun Ag/PZT/TPU fibers were fully dried in an
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oven at 50 °C for 1 h. According to the different filler contents,
the prepared fiber samples were named Ag,PZT,/TPU, where x
denotes the mass fraction of AgNPs and y represents the mass
fraction of PZT. For example, Ag;PZTg,/TPU denotes the theo-
retical loading of 3 wt% AgNPs and 80 wt% PZT fillers incor-
porated into the TPU matrix, respectively.

2.4 Preparation of the fiber-based wearable sensor

Fiber-based wearable sensors were fabricated via weaving and
polarization treatment of Ag/PZT/TPU fibers. A portion of the
fibers was sequentially threaded through healds and fixed onto
a warp beam to form warp yarns, while the other portion was
wound around shuttles to obtain weft yarns. The composite
fibers were woven into plain-woven fabrics using a sample
loom. Subsequently, the fabrics were fixed in an film corona
polarization instrument for polarization treatment (FCP,
BALAB), with the following parameters set: grid voltage of 10 kV,
corona onset voltage of 15 kV, and treatment time of 1 h. During
the treatment, the sample stage performed reciprocating
motion at a moving speed of 8 mm s™'. Under the action of the
high-voltage electric field, the domains of PZT particles oriented
along the electric field direction, transforming the originally
isotropic composite fabric into an anisotropic one and thereby
endowing it with piezoelectric properties. After the completion
of polarization, the piezoelectric effect-based fiber-based wear-
able sensors were finally obtained.

2.5 Characterization

The surface and cross-sectional morphology of Ag/PZT/TPU
fibers was observed with a scanning electron microscope
(SEM, Gemini SEM 300). For the observation of fiber surface
morphology, the fibers were cut to suitable size and stuck on the
electron microscope stage using conductive tape. Cross-
sectional samples of the fibers were made by freeze-brittle
fracture of the fibers immersed in liquid nitrogen and then
attached to cross sectional holder. Cross-sectional morphology
and elemental composition were investigated via SEM in
combination with energy-dispersive X-ray spectroscopy (EDS)
after being brittlely fractured in liquid nitrogen. Samples of all
the above fibers were subjected to electron microscopy after
gold spraying. Tensile properties were tested by means of
a single column electronic universal testing machine (EZ-LX,
Shimadzu) equipped with a 10 N load cell following the
general principles of ASTM D3822. Specifically, the single fiber
was maintained straight and secured at both ends to the fixture
of the testing machine, ensuring that the fiber axis was aligned
with the loading direction, with a gauge length of 20 mm. All
tests were carried out at a crosshead speed of 10 mm min "
under ambient conditions (25 °C, 55% RH). At least 20 effective
specimens were tested for each sample group to account for the
statistical nature of fiber strength. The average breaking
strength, breaking strength, and elongation at break were
calculated. A certain mass of fibers was weighed for thermog-
ravimetric (TG) experiments (STA 449 F3, NETZSCH), and the
test conditions were N, environment with a temperature rise
rate of 10 °C min~ " and a temperature rise interval of 40 °C to

RSC Adv, 2026, 16, 14123-14134 | 14125


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09925k

Open Access Article. Published on 16 March 2026. Downloaded on 4/6/2026 4:47:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

stirring

View Article Online

Paper

Size Distribution

10 15
Diameter (jm)

PZT particles

wet-spinning

2.0

vacuum
defoaming

Fig. 1 Schematic diagram of the wet-spinning preparation process for PZT/TPU piezoelectric sensing fibers.

700 °C. Based on the TG test results, the actual content (W) of
inorganic fillers in the composite fibers can be calculated using

eqn (1):
1)

where W; denotes the residue content of the composite fibers;
W, represents the residue content of pure TPU; and W is the
actual loading of inorganic fillers in the composite fibers. X-ray
diffraction (XRD, D8 Discover, Bruker) was used to characterize
the crystal structures of different types of composite fibers over
a 26 range of 5° to 90°. The piezoelectric properties were studied
using a homemade measurement system. A load of a specific
magnitude and frequency was applied using an excitation
platform. The piezoelectric signals were measured with a digital
storage oscilloscope (DSOX2004A, Keysight Technologies).

3 Results and discussion
3.1 Morphology of Ag/PZT/TPU fibers

Fig. 2(a) and (b) illustrate the overall morphology and micro-
structure of the surface and cross-section of Ag/PZT/TPU fibers,
respectively. It can be observed from the figures that the fibers
exhibit an overall cylindrical shape with irregular grooves on the
surface and fine micropores in the interior. A large number of
PZT and AgNPs are uniformly dispersed inside the fibers
without obvious particle agglomeration, indicating that the
“two-step method” combining ultrasonic dispersion and in situ
reduction can effectively avoid the uneven dispersion issue in
the system caused by the addition of a large amount of inor-
ganic materials.

14126 | RSC Adv,, 2026, 16, 14123-14134

The formation mechanism of such a microstructure in the
fibers is as follows: during the wet spinning process, after the
spinning dope jet enters the coagulation bath, the surface first
solidifies through the double diffusion of solvent and coagu-
lant, while the solidification of the core layer lags behind that of
the skin layer.”»** This lag becomes more pronounced when
a large number of inorganic particles are present in the
system.** At this point, the shaped skin layer is subjected to
uneven stress induced by the shrinkage of the core layer,
leading to the formation of grooves on the fiber surface.
Meanwhile, micropores are formed inside the fibers as the
solvent in the core layer precipitates. The presence of micro-
pores can further enhance the flexibility of the TPU based fibers.
However, if the micropores occur at the interface between PZT
and TPU, they will exert an adverse effect on the piezoelectric
properties of the fibers.*

Due to the poor compatibility between PZT and TPU, direct
addition of PZT to prepare the spinning dope for wet spinning
tends to result in uneven dispersion of PZT and interface
defects between PZT and the TPU matrix, as shown in Fig. 3(a).
These defects manifest as visible gaps, debonded zones, and
insufficient contact areas at the PZT-TPU interface, as evidenced
by SEM. This interfacial morphology originates from the
intrinsic physicochemical incompatibility between the two
phases. The fundamental disparity in surface energy and
chemical affinity leads to insufficient thermodynamic driving
force for interfacial wetting and mutual diffusion during the
wet-spinning process. Moreover, the absence of chemical
interactions across the phase boundary further exacerbates the
interfacial instability. In contrast to thin films, the fiber struc-
ture renders post-treatment methods such as hot pressing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) surface and (b) cross-section of AgzPZT,o/TPU fibers.

inapplicable for enhancing the interfacial performance of the
composite system. Therefore, it is of great significance to
develop methods suitable for optimizing organic-inorganic
interfaces specifically for spinning-based composite fiber
fabrication. In this work, prior to preparing the spinning dope,
PZT was surface-modified using a silane coupling agent. It was
found that the compatibility between the silane coupling agent-
modified PZT and the matrix was significantly improved. The
alkoxysilane groups first undergo hydrolysis to generate reactive
silanol groups, which subsequently condense with hydroxyl
species present on the hydrated PZT surface, forming robust
covalent M-O-Si bonds instead of M-O-M. This chemically
anchors the silane onto the ceramic filler. Concurrently, amine
moieties react readily with isocyanate groups (-NCO) from the
TPU prepolymer or chain extender, yielding urea linkages that

integrate the silane-modified PZT into the polymer matrix. The
establishment of a durable interphase, critical for enhancing
stress transfer efficiency and mitigating interfacial debonding,
is achieved via a dual covalent bonding strategy. As shown in
Fig. 3(b), PZT particles were tightly encapsulated within the TPU
polymer matrix, and no obvious gaps existed between the two
phases. This indicates that pre-treatment of PZT with a silane
coupling agent is highly necessary, as it can effectively address
the issues of poor mechanical and piezoelectric properties of
composite fibers caused by interface defects.

3.2 Composition and phase analysis of Ag/PZT/TPU fibers

Coupled with SEM images, EDS was employed to conduct
microscopic elemental distribution and content analysis on the
cross-section of the composite fibers. As illustrated in the

Fig. 3 SEM images of the fibers compound with (a) untreated PZT and (b) silane coupling agent-treated PZT.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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elemental mapping images in Fig. 4(a), both PZT and Ag exhibit
excellent dispersibility within the fibers, with no obvious
agglomeration observed. This indicates that ultrasonic disper-
sion and in situ reduction strategies enable the homogeneous
dispersion of high-content inorganic phases (PZT and Ag)
within the fiber matrix, which is beneficial to the mechanical
and piezoelectric properties of the composite fibers.

From the EDS line scan spectrum in Fig. 4(b), the metallic
elements in the fibers primarily consist of Pb, Zr, Ti, and Ag.
Among these, the first three are the primary constituent
elements of PZT, with weight percentages of 71.24 wt%,

a--
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15.94 wt%, and 8.16 wt% respectively, corresponding to an
atomic ratio of approximately 2:1:1. This ratio is consistent
with the stoichiometric ratio of Pb to (Zr + Ti) in the perovskite
structure of Pb(Zr,Ti)O;.** The Ag element in the composite
fibers comprises both AgNPs, which were in situ reduced in the
spinning dope, and a residual fraction of unreduced Ag', with
the total Ag mass fraction accounting for 4.66 wt% of the overall
metal content. The slight discrepancy between the measured Ag
content and the initial loading is attributed to the migration of
a portion of Ag" into the coagulation bath during wet spinning.
Based on the stoichiometry of the perovskite Pb(Zr,Ti)O; phase

Ag

(o)

Pb

Intensity (a.u.)
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Percentage
Element
wt% at%
Pb 71.24 46.95
Zr 15.94 23.86
Ti 8.16 23.27
Ag 4.66 5.92
Pb

8 10
Energy (keV)

Fig. 4 Elemental mapping images (a) and corresponding EDS spectra of the AgzPZT,o/TPU fiber cross-sections (b).
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and the mass of the polymer matrix, the mass fraction of AgNPs
in the final composite fibers is calculated to be approximately
2.84 wt% relative to the total composite mass. In addition, trace
amounts of Si element were detected, which is mainly derived
from KH550.

Subsequently, further analysis was conducted on the inor-
ganic content and phase structure of the fibers. It can be
observed from Fig. 5(a) that the TG curves of different fibers
exhibit a three-stage continuous weight loss behavior, consis-
tent with the thermal decomposition trend of pure TPU fibers.
This is attributed to the fact that TPU molecular chains consist
of soft segments and hard segments, which exhibit significant
differences in decomposition temperatures. The mass retention
rates of pure TPU, PZT/TPU composite fibers, and composite
fibers at 700 °C are 5.01%, 71.20%, and 73.27%, respectively. It
can be calculated, using eqn (1), that the actual loadings of PZT
and Ag in the composite fibers are 69.68% and 2.18%, respec-
tively. The Ag content is slightly lower than the value calculated
from the EDS. Slight variations in the actual stoichiometry of
the PZT phase from the ideal perovskite model, coupled with
trace residues from polymer pyrolysis during TG measurement,
may also account for the observed discrepancy. Furthermore,
the initial decomposition temperature of PZT/TPU composite
fibers is lower than that of pure TPU, which is presumably
caused by the decomposition of trace small-molecule modifiers
in the composite fibers.*® After the introduction of AgNPs, the
nucleation effect of AgNPs improves the thermal resistance of
the composite fibers to a certain extent at the initial stage of
heating.*

As shown in Fig. 5(b), XRD pattern of pure TPU fibers
exhibits no distinct crystalline diffraction peaks, but rather
a broad, weak amorphous scattering signal with a dominant
broad diffraction peak centered at 20.2°. This is characteristic of
the crystallization region of polymers. After incorporating PZT
into the TPU matrix, the composite fibers show diffraction
peaks at 20 = 31.1°, 31.6°, and 44.4°, which correspond to the
rhombohedral phase of Pb(Zr,Ti)O; (JCPDS card no. 73-2022).
The weak characteristic peak at 26 = 21.8° is presumably
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attributed to PbO impurities formed during PZT synthesis.*®
Since the piezoelectric properties of the composite fibers are
primarily derived from the unique crystalline structure of PZT,
this result confirms that the piezoelectric functionality of PZT
remains intact after wet-spinning process. After being incor-
porated with Ag”, in addition to the characteristic peaks of TPU
and PZT (consistent with the above observations), extra crys-
talline diffraction peaks at 26 = 38.3°, 44.3°, 64.5°, and 77.5°,
which could be assigned to the crystal planes (111), (200), (220)
and (311) of the face-centered cubic structure of AgNPs,
respectively. This confirms the successful reduction of the
added Ag" to AgNPs.* With respect to the TPU matrix, after the
introduction of PZT and Ag, the position of its diffraction peak
remains unchanged; however, the peak intensity decreases and
the full width at half maximum increases, indicating that the
presence of these inorganic phases exerts a certain influence on
both the crystallinity and crystalline order of the TPU based
fibers.

3.3 Mechanical properties of Ag/PZT/TPU fibers

Fig. 6 presents the stress-strain curves of Ag/PZT/TPU
composite fibers with varying Ag and PZT loadings, where
Fig. 6(a) illustrates the effect of Ag content on the tensile
mechanical properties of the TPU matrix. As observed from the
figure, with an increase in Ag content, the elongation at break of
the fibers exhibits a significant decrease, while the breaking
strength first slightly increases followed by a subsequent
decline. This phenomenon indicates that the AgNPs, obtained
via in situ reduction, are uniformly dispersed within the TPU
matrix. Specifically, the nanoparticles restrict the mobility of
polymer molecular chains in the matrix, thereby reducing the
deformability of the fibers. Concurrently, they confer a certain
degree of reinforcement effect through mechanisms such as
stress transfer and interfacial interactions. However, at exces-
sive Ag contents, the nanoparticles tend to agglomerate.
Consequently, stress concentration tends to arise around these
agglomerates, which in turn accelerates the initiation and
propagation of cracks, ultimately resulting in a reduction in
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breaking strength during tensile deformation of the composite
fibers. Thus, the Ag content must be controlled within
a reasonable range to avoid the deterioration of the fiber's
mechanical properties and even achieve a moderate reinforce-
ment effect.

Fig. 6(b) focuses on the effect of PZT loading on the tensile
mechanical properties of the composite fibers. As observed
from the figure, the Ag;PZT,,/TPU sample exhibits the highest
tensile strength (23.1 MPa) and elongation at break (520%).
With the increase in PZT loading, both the tensile strength and
elongation at break of the fibers decrease. Notably, when the
loading of the piezoelectric ceramic filler PZT reaches as high as
80 wt% with the simultaneous incorporation of Ag particles, the
prepared composite fibers still maintain an elongation at break
of over 200%. These composite fibers didn't exhibit brittleness,
easy fracture, or other issues caused by high inorganic filler
content, retaining comprehensive processability including
cutting, weaving, and bending capabilities. This indicates that
wet spinning is an efficient and reliable method for preparing
high-quality composite fibers with high inorganic filler load-
ings, which also lays a solid foundation for the application of
such fibers in flexible electronics, wearable devices, and other
scenarios.

3.4 Piezoelectric performance of Ag/PZT/TPU fibers

As shown in Fig. 3(a), the preparation of the piezoelectric fabric
sensor requires additional processing steps, which involves
coating the outer piezoelectric layer with copper foil tape. A
piezoelectric sensing structure was then established, where
macroscopic accumulation of polarized charges formed in the
fabric layer due to the piezoelectric effect.

The effect of the mass ratio of PZT and Ag to TPU on the
sensitivity of composite fibers was investigated, as presented in
Fig. 7(b). As a key filler conferring piezoelectric properties, it
exhibits a prominent concentration-dependent trend in
enhancing the piezoelectric performance of piezoelectric
fabrics. Specifically, within the low concentration range (60-
80 wt%), the piezoelectric performance of the fabrics is prom-
inently enhanced with increasing AgNPs concentration. When

14130 | RSC Adv, 2026, 16, 14123-14134

the concentration approaches the percolation threshold, the
performance attains a maximum of (133 + 2.1) mV N~ ' at a PZT
mass ratio of 80 wt%, whereas a further increase in content
conversely results in a decline in performance.

The initial enhancement of sensitivity with the increasing
PZT proportion can be attributed to the increased number of
piezoelectric domains provided by the PZT filler, which is
a factor that dictates the total amount of charge separation and
generation when the fabrics are subjected to stress. Meanwhile,
under this condition, PZT forms a homogeneous distribution of
the active phase inside the fibers, and a robust interface is
formed between the PZT particles and TPU matrix. This facili-
tates the efficient transmission of external mechanical excita-
tion to the interior of PZT, thereby inducing the oriented
deflection and polarization of piezoelectric domains.”>*
However, an excessive PZT content may compromise the
sensitivity, primarily due to particle aggregation, impaired fiber
formability and interfacial bonding failure during wet spinning.
In this case, some PZT piezoelectric domains fail to undergo
sufficient polarization; simultaneously, the increased interfa-
cial defects exacerbate charge dissipation. Ultimately, this
compromises the electromechanical conversion efficiency of
the piezoelectric fibers, ultimately leading to degraded sensing
and mechanical properties.*

As for Ag, within the low-content regime, the piezoelectric
properties of the fabric improve as the Ag precursor reaches
3 wt% (approaching the percolation threshold), the perfor-
mance achieves the optimal level, and further increases in
content result in a subsequent decline. The fundamental
mechanisms can be primarily categorized into three
aspects:** (1) the excellent electro-conductivity of Ag NPs
serves to reduce the leakage loss of the composite fiber and
facilitates the oriented alignment of electric domains within the
piezoelectric phase during polarization, thereby enhances the
polarization efficiency of the fabric; (2) the synergistic filling of
micro-nano scale fillers enables the construction of more effi-
cient stress transfer pathways, thereby facilitating the more
effective conversion of external mechanical forces into electrical
signals. More efficiently converted into the deformation and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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setup used to measure its piezoelectric signal. (b) Piezoelectric sensing
electric sensing performance of fibers under the pressure of 5 Hz and 1

charge separation of the piezoelectric phase; (3) the discrete and
uniformly distributed conductive nano-silver form localized
conductive sites, which can efficiently capture and conduct the
free charges generated by the piezoelectric effect, reduce charge
recombination and leakage losses, and thereby enhance the
electromechanical conversion efficiency of the composite
material.

Overall, when the loading content of the silver precursor is
3% and that of PZT is 80%, the piezoelectric sensing perfor-
mance of the piezoelectric composite fibers attains the optimal
level. Under this optimal ratio condition, the synergistic effect
of the binary fillers system achieves a synergistic enhancement
effect on the improvement of the piezoelectric properties of the
fibers, significantly enhancing the electromechanical conver-
sion efficiency of the material and laying a critical performance
foundation for its sensing applications.

Fig. 7(c) shows the piezoelectric sensing performance of the
piezoelectric fabric under the test conditions of a frequency of
5 Hz and an applied pressure of 1 N. Specifically, the peak
output voltage of the fabric can reach 135 mV, which enables it
to effectively respond to low-load mechanical stimuli and
exhibits a robust signal output capability. Collectively, the
aforementioned output voltage characteristics demonstrate
that the material possesses reliable signal capture and output

© 2026 The Author(s). Published by the Royal Society of Chemistry

performance of fibers with different PZT and Ag contents; (c) piezo-
N.

capabilities in low-frequency, low-load sensing scenarios,
thereby providing core performance support for subsequent
sensing applications. The inset of Fig. 7(c) reveals the rapid
response characteristics of the sensor fabric, which exhibit
a response time as short as 20 ms to instantaneous loads,
indicating its excellent capability in capturing transient events.

4 Conclusions

Ag/PZT/TPU composite fibers with exceptional mechanical and
piezoelectric properties were successfully fabricated via wet-
spinning by effectively combining surface modification and in
situ reduction techniques. Owing to the excellent dispersion of
fillers in the fiber matrix, the breaking strength and elongation
at break of the fibers remain above 10 MPa and 200%, respec-
tively, even at a filler loading of over 80 wt%. When the PZT
content in the Ag/PZT/TPU fibers is 80 wt% and the Ag precursor
content is 3 wt%, the fiber-based wearable sensor delivers the
optimal piezoelectric sensing performance, with an output
voltage of (133 & 2.1) mV N . Overall, the as-prepared Ag/PZT/
TPU fibers hold great promise for advancing sensor technology
and flexible electronics, along with substantial potential in
smart textile materials.
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