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A B S T R A C T

Yarn-based sensors offer excellent conformability for wearable electronics on complex body surfaces. Yet existing 
sensing mechanisms face a fundamental limitation: interface-dominated approaches suffer from signal stochas
ticity and drift due to contact interface instability, while piezoelectric alternatives remain restricted to uniaxial 
responses incapable of discriminating coupled multi-axial deformations. Here, a geometry-engineered negative 
Poisson's ratio piezoelectric yarn sensor is designed to integrate geometry-driven deformation with strain- 
induced piezoelectric polarization. The helical scaffold transforms axial stretching into radial expansion 
through structural rearrangement, which enables a single mechanical stimulus to generate distinguishable 
electrical responses along different axes. Upon axial stretching, the helical windings undergo coordinated 
rearrangement that converts the longitudinal extension into pronounced radial expansion, intrinsically coupling 
the longitudinal and transverse deformation pathways within the same fiber architecture. This geometry-driven 
strain redistribution yields a piezoelectric output of 5.10 V under 30% tensile strain, representing a 42-fold 
enhancement over conventional positive Poisson's ratio yarns, with stable operation over 10,000 cycles. The 
resulting demonstrates effective monitoring of multi-axial deformations, including axial stretching, normal 
pressure, and bending gradients. As a proof of concept, the sensor enables closed-loop rehabilitation training 
feedback, establishing a geometry-driven strategy for wearable anisotropic biomechanical monitoring on com
plex body surfaces.

1. Introduction

Driven by the rapid advancement of wearable medical electronics 
and rehabilitation monitoring systems, the demand for continuous and 
reliable biomechanical monitoring has grown significantly [1–4]. Flex
ible strain sensors have attracted extensive attention due to their 
intrinsic flexibility, stretchability, and lightweight characteristics [5–9]. 
They exhibit advantages in large strain range and high sensitivity as
pects [10–12], achieving precise conformability on complex curved 
surfaces remains challenging, primarily due to insufficient structural 
compliance [13–16]. To address this issue, integrating sensors with 
textiles has emerged as an effective strategy for wearable sensing ap
plications [17–20]. Compared with a two-dimensional fabric-based 
strain sensor [18], a one-dimensional fabric-based strain sensor enables 
efficient axial deformation transmission, minimizes interfacial slip, and 

yield stable electromechanical effect responses by integrating structural 
support and sensing functionality within a unified one-dimensional fiber 
architecture [21,22]. The confined axial deformation pathway further 
enhances directional electromechanical effect coupling and mechanical- 
to-electrical conversion efficiency [23,24]. These attributes position, 
yarn-based strain sensors as a highly promising platform for long-term 
human motion monitoring.

High-performance yarn-based strain sensors typically rely on struc
tural design strategies to simultaneously achieve superior sensing per
formance and seamless integration within textiles. At present, most yarn 
strain sensors adopt configurations such as uniform coating structures 
[25], core–sheath structures, crack-engineered structures, braided 
structures [26–31]. They predominantly rely on interfacial variations 
for signal generation, whereas the dynamically non-uniform nature of 
interface-dominated mechanisms inherently induces signal 
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stochasticity, hysteresis, and drift, thereby limiting sensing reliability 
under repeated cycling [32–35]. In contrast, strain-induced polarization 
in piezoelectric polymers enables physically correlated, direction- 
sensitive electromechanical effect transduction without reliance on un
stable interfacial states [36,37]. The intrinsic responsiveness is partic
ularly compatible with geometry-engineered deformation systems, 
where structural topology rather than surface state dictates the strain 
distribution. However, uniaxial piezoelectric coupling alone is inher
ently insufficient for resolving complex multidirectional mechanical 
stimuli, as human motion inherently involves coupled multi-axial de
formations, including spanning axial stretching, normal pressure, and 
bending gradients [38]. Discriminating these distinct mechanical stimuli 
from a single sensing element therefore requires anisotropic 

transduction capabilities [39]. Conventional anisotropic force sensing 
systems predominantly depend on structurally partitioned architectures 
or sensor arrays, where multidirectional force information is recon
structed from coupled electrical outputs through calibration or data- 
driven decoupling [40,41]. Such post-processed sensing paradigms 
inherently suffer from mechanical crosstalk and limited stability under 
complex deformation conditions [42]. To overcome the limitations, a 
one-dimensional piezoelectric sensing mechanism featuring geometry- 
driven intrinsic strain response is required to achieve stable aniso
tropic transduction in a unified fiber architecture.

Here, we report a flexible geometry-driven negative Poisson's ratio 
(NPR) piezoelectric yarn sensor (NPYS) that embeds intrinsic aniso
tropic strain sensing within a single fiber architecture [43,44]. The 

Fig. 1. NPYS Overview. a) Schematic illustration of the fabrication process of NPYS from an integrated textile to an individual yarn. b) Three representative 
operation modes of NPYS. c) Structural schematic of NPYS. d) Comparison of voltage outputs between PPR and NPR yarn sensors under identical loading conditions. 
e) Physical image of NPYS. f) S Schematic illustration of NPYS applied for monitoring neck bending angle.
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geometry-driven principle refers to a deformation mechanism governed 
by the topological architecture of the helical NPR structure. Specifically, 
the design leverages an NPR scaffold in which the helical topology di
rects deformation pathways and redistributes axial strain into radial 
expansion, thereby establishing intrinsic coupling between longitudinal 
and transverse deformations [45]. This geometry-induced strain redis
tribution enables the same mechanical stimulus to generate distin
guishable electrical responses along different axes, achieving direction- 
dependent piezoelectric transduction without structural partitioning or 
post-processing. Finite element simulations and experimental results 
elucidate the electromechanical effect of NPYS under tensile and 
compressive deformations, as well as the effects of structural parameters 
on the NPR structure characteristics and piezoelectric performance. The 
resulting sensor demonstrates stable, intrinsic anisotropic sensing across 
multiple deformation modes. As a proof of concept, an NPYS-based 
rehabilitation training monitoring system is developed to enable real- 
time tracking of human motion and feedback on movement accuracy. 
This work establishes a geometry-driven strategy for anisotropic piezo
electric yarn sensors and provides a viable pathway toward self-powered 
electronic textile systems.

2. Results and discussions

2.1. Design and preparation of NPYS

Achieving anisotropic piezoelectric sensing within a single structure 
requires direction-dependent deformation and stress-transfer pathways 
that enable distinct electrical responses under different mechanical 
stimuli. The NPR architecture provides an effective strategy by intro
ducing geometry-driven structural reconfiguration. In NPYS, the helical 
PA/TPU scaffold undergoes unfolding and reconstruction under axial 
stretching, resulting in coupled axial elongation and radial expansion, 
which is a characteristic deformation of NPR structures (Fig. S3). This 
unique behavior enables NPYS to respond differently to axial stretching, 
transverse compression, and bending deformation (Fig. 1b). Specifically, 
Under transverse compression, the external force is primarily applied in 
the radial direction, resulting in radial compression of the piezoelectric 
layer. In contrast, during bending deformation, normal loading gener
ates a strain gradient through the thickness of the device, causing the 
PVDF-TrFE layer to experience bending-induced stress. Therefore, the 
NPR architecture regulates deformation modes and stress distributions 
under different loading directions, enabling anisotropic piezoelectric 
sensing. Based on this design principle, Fig. 1a illustrates the fabrication 
process of NPYS from individual yarns to textile integration. A flexible 
yet non-elastic polyamide (PA) yarn is first helically wound around an 
elastic thermoplastic polyurethane (TPU) core to construct the NPR 
functional scaffold. Subsequently, an electrospun PVDF-TrFE nanofiber 
film is wrapped around the scaffold as the piezoelectric sensing layer, 
followed by PVC heat sealing to achieve stable encapsulation and 
conformal interfacial contact. The cross-sectional structure of NPYS is 
presented in Fig. S1, while parallel stitching of individual yarns enables 
textile-level integration (Fig. S2). The internal multilayer configuration 
and interfacial arrangement are further revealed through the side-cut 
cross-sectional view (Fig. 1c).

To elucidate whether the piezoelectric response of NPYS is primarily 
associated with the NPR effect,

NPYS and PPYS were fabricated using the same PA sheath yarn, TPU 
elastic core yarn, and identical PVDF-TrFE piezoelectric film, and sub
sequently tested under identical mechanical loading and electrical 
measurement conditions. In contrast to the negligible response observed 
in the PPR yarn, NPYS exhibits stable and reproducible piezoelectric 
signals (Fig. 1d). Consistently, Fig. S4 shows that, although NPYS and 
PPYS were fabricated using the same PA sheath yarn, TPU core yarn, and 
PVDF-TrFE piezoelectric film, PPYS exhibits lateral contraction under 
axial stretching, whereas NPYS displays pronounced lateral expansion 
under the same deformation; The yarn diameter was determined from 

the global outer envelope contour and averaged over multiple mea
surements to minimize the influence of local PA fiber texture on the 
calculated Poisson's ratio. These results further confirm the critical role 
of the NPR structure in activating the piezoelectric effect. Fig. 1e pre
sents an image of NPYS under bending deformation. As a proof of 
concept, NPYS was attached to the posterior neck region of a human 
subject to monitor head-down motions and their amplitudes. The results 
demonstrate clear correlations between the deformation behavior of the 
yarn structure and the corresponding electrical signal variations during 
motion (Fig. 1f). Based on this capability, a rehabilitation training sys
tem was further developed for systematic human motion monitoring.

2.2. Characterization of NPR and mechanical properties of NPYS

The deformation behavior under tensile loading is first examined 
using a simplified model of a single-strand helically wound yarn with an 
NPR structure. As illustrated in Figs. 2a and S5, the axial and radial 
deformation of the helical structure during stretching is schematically 
depicted. With increasing tensile strain, the radial cross-sectional area 
initially decreases and subsequently increases. This nonmonotonic 
behavior arises from the residual torque between the sheath and the core 
yarn in the absence of external constraints [38]. At low tensile strains 
(0–10%), the system tends toward force and torque equilibrium, leading 
the sheath yarn to tighten around the core and causing radial contrac
tion, corresponding to an apparent PPR [36]. Upon further elongation, 
the mismatch in elastic moduli between the two yarns induces 
straightening of the sheath yarn accompanied by bending of the core 
yarn. This structural rearrangement results in a configuration in which 
the core yarn helically wraps around the sheath, giving rise to a pro
nounced NPR. Here, the Poisson's ratio (ν) is defined as the ratio of 
transverse strain perpendicular to the loading direction to the applied 
longitudinal tensile strain. 

ν = − εx
/

εy (2-1) 

εx = (d1 − d0)/d0 (2-2) 

εy = (l1 − l0)
/
l0 (2-3) 

Here, εx and εy denote the radial and axial strains of NPYS, respectively. 
The reported Poisson's ratio represents a structural (effective) Poisson's 
ratio determined from the global yarn deformation. d0 and d1 represent 
the yarn diameter before and after stretching, while l0 and l1 denote the 
device length before and after deformation. The evolution of cross- 
sectional area and diameter during tensile deformation is shown in 
Fig. 2b. The corresponding Poisson's ratio calculated from the above 
relation is plotted in Fig. 2c, in good agreement with the preceding 
analysis. For clarity, the piezoelectric yarn sensor with a PPR is hereafter 
referred to as PPYS. To further verify that this behavior originates 
exclusively from the helical NPR structure, the radial diameter varia
tions of NPYS and PPYS were quantitatively compared under identical 
tensile strain levels (Fig. 2d). The results show that PPYS exhibits 
continuous radial contraction with increasing axial strain, characteristic 
of a PPR, whereas NPYS displays a distinct tensile-induced radial 
expansion. These results confirm that the helical architecture endows 
the yarn with a unique tensile–expansion deformation mode.

As shown in Fig. 2e, under identical tensile strain, the single-turn 
helical pitch (P) markedly influences the Poisson's ratio of the struc
ture. The fitted results indicate that an NPR emerges only when P ex
ceeds 4.86 mm. This behavior originates from the critical role of pitch in 
governing the deformation pathway of the helical geometry. At small 
pitches, geometric reconstruction of the helix is suppressed under low 
axial strain, thereby inhibiting the onset of NPR behavior. When P sur
passes a threshold value, relative positional deflection between the 
sheath and the core yarn is activated, leading to a transition from PPR to 
NPR, with the magnitude of the negative value increasing monotonically 
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with P (Note S1). Importantly, this trend does not arise from a linear 
amplification of radial deformation with increasing pitch, but rather 
from the pitch-induced regulation of deformation mechanisms and 
configurational transitions. Specifically, a larger pitch corresponds to a 
higher initial helix angle, which effectively weakens the interfacial 
contact constraint between the sheath and core yarn during axial 
stretching. This facilitates earlier sheath–core disengagement at lower 
axial strains. Once the critical deconstruction strain is exceeded (Note 
S1), the structure evolves from a constrained coupled deformation mode 
to one dominated by spiral unwinding and interfacial sliding. This 
transition substantially enhances radial expansion efficiency, thereby 
rapidly amplifying the NPR effect. Collectively, these results demon
strate that the single-turn helical pitch governs both the initiation and 
evolution of the NPR behavior by lowering the deconstruction threshold 

and strengthening post-deconstruction radial expansion.
Based on the above analysis, a larger pitch (P) corresponds to a 

smaller Poisson's ratio and a more pronounced tensile-induced defor
mation. However, whether this geometric advantage directly translates 
into enhanced electromechanical effect coupling within the piezoelec
tric layer remains to be clarified. To address this question, P was divided 
into three representative intervals, and finite element simulations were 
performed using COMSOL to evaluate the influence of single-turn helical 
pitch on the piezoelectric response. Specifically, the pressure distribu
tion and magnitude transmitted from the functional layer to the piezo
electric layer were analyzed across different P regimes. As shown in 
Fig. 2f, when P > 11.62 mm, the functional layer exhibits efficient 
pressure transmission to the piezoelectric layer. For intermediate pitches 
(P ∈ 8.24–11.62 mm), although the pressure magnitude remains high, 

Fig. 2. NPR and mechanical properties of NPYS. a) Schematic illustration of the longitudinal and radial deformation of NPYS under tensile strains from 0% to 30%. 
b) Diameter and cross-sectional area as a function of tensile strain. c) Relationship between longitudinal strain and Poisson's ratio. d) Comparison of radial diameter 
evolution between NPR and PPR structures under identical tensile strain. e) Poisson's ratio of NPYS with different single-turn helical pitches at the same tensile strain. 
f) Finite element simulation of stress distribution for different single-turn helical pitches. g) Comparison of radial strain ratios of NPYS with different diameter ratios 
under identical tensile strain. h) Poisson's ratio as a function of diameter ratio. i) Representative stress–strain curves of the spiral and interwoven spiral structures.
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the number of stress contact points between the functional and piezo
electric layers increases, leading to a partial enhancement of the 
piezoelectric response. In contrast, further reduction of P (P ∈ 4.86–8.24 
mm) results in diminished contact pressure, thereby weakening the 
piezoelectric performance. These results indicate that the influence of P 
on piezoelectric response is inherently non-linear. Notably, optimal 
stress transfer from the functional layer to the piezoelectric layer is 
achieved within the intermediate pitch range (P ∈ 8.24–11.62 mm). This 
result further confirms that the negative Poisson's ratio is not linearly 
correlated with the piezoelectric output performance of the device.

In addition to the helical pitch, the diameter ratio between the sheath 
yarn and the core yarn (sheath/core) also influences the Poisson's ratio 
of the wound structure. To systematically tune this parameter, core 
yarns with different effective diameters were fabricated by bundling 
sheath yarns of identical diameter into single-, double-, triple-, and 
quadruple-strand configurations. The evolution of Poisson's ratio under 
these four diameter ratios was then investigated. As shown in Fig. 2g and 
h, the normalized diameter change (ΔD/D₀) exhibits a nonmonotonic 
trend, first decreasing and then increasing with increasing diameter 
ratio. Correspondingly, the Poisson's ratio initially decreases and sub
sequently increases, reaching the most pronounced negative value at λ 
= 0.36. To elucidate the underlying mechanism, a numerical model 
based on the geometric deformation of the NPR structure was estab
lished (Note S2). To ensure analytical tractability, several physically 
reasonable assumptions were adopted: (i) the sheath yarn, regarded as 
an inelastic component, is effectively inextensible during deformation, 
such that its helical path length remains constant; (ii) no significant 
interfacial slip occurs between the sheath yarn and the core yarn; and 
(iii) the structural deformation considered in this model is dominated by 
geometric reconstruction rather than intrinsic material stretching. Based 
on these assumptions, the governing numerical model describing the 
geometric deformation is derived as follows: 

ν(λ) = −

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

p2
0

[(
1 + εy

)2
− 1

]/
π2D2

0 − 1
√

− 1
)/

εy (D0

= Da(1+ αλ) ) (2-4) 

In this expression, ν(λ) denotes the Poisson's ratio, where λ represents 
the diameter ratio between the sheath yarn and the core yarn. P₀ is the 
initial helix pitch, εy is the applied axial strain, and D₀ denotes the initial 
equivalent structural diameter. α is a structural correction coefficient 
that quantifies the effective radial contribution of the wound yarn. This 
coefficient depends on factors including winding tightness, interfacial 
contact conditions, and fabrication parameters.

Based on the proposed model, an increase in the diameter ratio λ 
leads to a larger initial structural equivalent diameter D0, which in turn 
results in an increase in Poisson's ratio. Both experimental observations.

and theoretical analysis reveal a non-monotonic dependence of the 
ν on λ. At low λ values, increasing the diameter of the wound yarn en
hances structural compliance and facilitates radial geometric recon
struction during tensile deformation. This promotes the NPR effect. 
However, when λ exceeds a critical value, the initial equivalent diameter 
D0 increases markedly, which suppresses relative radial deformation 
under axial loading. As a consequence, the conversion of axial strain into 
radial expansion becomes less efficient, leading to a weakened NPR ef
fect and an increase in Poisson's ratio (Fig. S7). These results are in good 
agreement with the predictions of the geometry–elasticity coupling 
model. The tensile behaviors of the spiral and interwoven spiral struc
tures are presented in Fig. 2i. The first fracture occurs at strains of 
45.44% and 29.95% for the spiral and interwoven spiral structures, 
respectively, corresponding to the failure of the non-elastic sheath–core 
component. This indicates that the NPYS can operate stably within this 
deformation range. A second failure is observed at much higher strains 
due to rupture of the elastic yarn core, with failure strains of 509% for 
the spiral structure and 517% for the interwoven spiral structure.

2.3. Electrical characteristics of NPYS

As shown in Fig. S8, the XRD pattern exhibits a strong and sharp 
diffraction peak at 2θ ≈ 20.9◦, which is assigned to the (110/200) planes 
of the β phase in PVDF-TrFE [46,47]. The FTIR spectrum shows a pro
nounced β-phase characteristic absorption at 843 cm− 1. In addition, 
absorption bands associated with CF₂ stretching and CH₂ vibrations at 
1243 cm− 1 and 1285 cm− 1 are prominent [48,49], whereas α-phase- 
related peaks are relatively weak, indicating a high β-phase content. 
Raman spectroscopy further confirms the formation of the β phase, 
showing a strong characteristic peak at 842 cm− 1, along with secondary 
peaks at 510 cm− 1 and 1432 cm− 1, all of which are consistent with the 
ferroelectric β-phase configuration of PVDF-TrFE [50,51]. These com
plementary characterizations collectively demonstrate that the electro
spinning process effectively induces an all-trans molecular 
conformation, resulting in a PVDF-TrFE electrospun film with high 
β-phase content and enhanced piezoelectric properties. Fig. S9 further 
reveals a high degree of fiber orientation in the PVDF-TrFE electrospun 
film.

Next, the open-circuit voltage (Voc) and short-circuit current (Isc) of 
spiral and interwoven spiral NPYS were investigated under different 
tensile strain ratios (Figs. 3a, b and S10). Within the strain range of 
10–30%, both Voc and Isc exhibit a pronounced increase with increasing 
strain. The maximum Voc reaches 5.10 V, while Isc attains 64.58 nA. This 
enhancement is primarily attributed to the NPR effect induced by tensile 
loading. Specifically, under axial loading, the helical NPR yarn scaffold 
undergoes geometry-mediated reconfiguration, where helix rotation 
and radial expansion redistribute the applied axial deformation into 
coupled axial, radial, and interfacial shear stress components. This strain 
redistribution promotes more effective stress transfer to the PVDF-TrFE 
layer and enhances electromechanical coupling. To exclude triboelectric 
interference, forward and reverse connection tests were performed 
[52–53]. As shown in Fig. S11 a, the triboelectric effect was investigated 
by reversing the electrode polarity under identical mechanical loading, 
clamping, and environmental conditions. Figs. S11 b and c show that the 
output signals exhibit opposite polarities but comparable amplitudes 
under these conditions, confirming their piezoelectric origin. Fig. 3c 
compares the piezoelectric outputs of NPYS and PPYS at a relatively low 
tensile strain of 10% under an identical response time, revealing that the 
latter produces a nearly negligible signal. This result highlights the 
critical role of the NPR structure. Consistently, Fig. 3d compares Voc and 
Isc under identical strain ratios, demonstrating the superior tensile 
sensitivity of NPYS. Notably, at 30% tensile strain, the Voc of NPYS is 42- 
fold higher than that of PPYS. Furthermore, to ensure a rigorous 
experimental comparison, the NPYS and PPYS in Fig. 3c and d were 
fabricated using the same PA sheath yarn, TPU elastic core yarn, and 
identical PVDF-TrFE piezoelectric film. This remarkable enhancement 
originates from the ability of the NPR architecture to regulate defor
mation pathways during stretching. Unlike the PPR structure, which 
undergoes axial elongation and radial contraction, resulting in a pre
dominantly axial stress-transfer pathway, the helical NPR structure 
undergoes coupled axial extension and radial expansion., thereby 
introducing additional radial deformation and interfacial shear com
ponents. These geometry-induced stress-transfer pathways promote 
more effective deformation of the PVDF-TrFE layer and strengthen 
electromechanical coupling, resulting in significantly enhanced piezo
electric output under large-deformation conditions.

To further elucidate the piezoelectric mechanism, finite element 
simulations were conducted using COMSOL to analyze stress evolution 
and potential distribution in the piezoelectric layer before and after 
stretching. As shown in Fig. 3e, in the initial state, the piezoelectric layer 
is subjected to prestress from the encapsulation layer, enabling efficient 
stress transfer during subsequent deformation. At the same time, no 
apparent potential difference is observed. Upon tensile loading, the 
applied stress is transmitted to the piezoelectric layer through multiple 
stress-transfer sites, inducing effective compression of PVDF-TrFE and 
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strong electromechanical effect coupling, thereby generating a sub
stantial potential difference across the layer (Fig. 3f). These results 
collectively demonstrate that the piezoelectric response of NPYS origi
nates from the NPR effect.

Fig. 3a and b demonstrates the electromechanical performance of 
NPYS under uniaxial tensile loading. To further evaluate its anisotropic 
sensing capability, the response under vertical compressive loading was 
investigated. As shown in Figs. S12 and S13, compared with a PVDF- 
TrFE film of the same area, NPYS exhibits higher output voltage and 
current, together with excellent stability under cyclic compression. 
Under transverse compression, the cylindrical yarn mainly undergoes 
radial deformation, which efficiently transfers normal pressure to the 
PVDF-TrFE layer and enhances local stress concentration. The stable 
electrical responses under both axial tension and vertical compression 
indicate that NPYS maintains robust electromechanical coupling under 
distinct stress states, namely axial strain and normal pressure. In addi
tion, bending deformation intrinsically arises from the superposition of 
in-plane tensile and compressive strains, which generates a tensi
le–compressive strain gradient across the thickness of the piezoelectric 
layer and consequently induces asymmetric stress distribution and 
dipole polarization. Therefore, the demonstrated stability under pure 
tensile and compressive loading supports reliable electrical output under 
bending deformation. The anisotropic sensing capability of NPYS 
fundamentally originates from its rational structural design.

Fig. 3g illustrates the dynamic evolution of dipole orientation and 
deflection behavior within the piezoelectric layer under different 
deformation modes. As shown in Fig. 3h, both helical and interwoven- 
helical NPYS exhibit monotonic increases in output voltage and cur
rent with increasing strain and applied pressure, indicating quantita
tively stable anisotropic sensing performance. Moreover, the interwoven 
helical NPYS shows stronger responses than the helical structure in both 
modes, demonstrating that the synergistic structural design not only 
amplifies signal intensity but also enhances the reliability of anisotropic 
sensing across different mechanical dimensions. Figs. S14 and S15 
characterize the response time, recovery time and cyclic stability of 
NPYS. After undergoing 10,000 cycle tests, the NPYS maintained a 
fundamentally stable output voltage, demonstrating the device's 
outstanding stability.

2.4. Anisotropic applications of NPR yarn-based sensors for rehabilitation 
training systems

In practical rehabilitation training, different movement patterns 
correspond to distinct mechanical deformation modes. Joint flexion/ 
extension and muscle traction are mainly associated with axial stretch
ing, whereas standing, stepping, and human–device interactions are 
dominated by vertical compression. If a single flexible piezoelectric 
device can discriminate and respond to these representative mechanical 

Fig. 3. Piezoelectric properties and mechanisms of NPYS. a) Voc of interwoven NPYS under tensile strains from 10% to 30%. b) Isc of interwoven NPYS under tensile 
strains from 10% to 30%. c) Voc comparison between piezoelectric sensors with NPR and PPR. d) Comparison of Voc(i) and Isc(ii) of NPYS and PPYS under different 
tensile strains. e) Simulated prestress induced by the encapsulation layer on the piezoelectric layer of NPYS. f) Simulated potential distribution in the piezoelectric 
layer of NPYS under tensile loading. g) Schematic illustration of the piezoelectric mechanism of NPYS. h) Voc and Isc of NPYS and interwoven NPYS under different 
tensile loads (i) and compressive loads (ii).
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states, continuous and quantitative monitoring of rehabilitation pro
cesses can be achieved without increasing system complexity, thereby 
providing reliable data support for rehabilitation monitoring systems 
[48]. As a proof of concept, the sensing performance of the NPYS was 
systematically evaluated under axial stretching, vertical compression, 
and bending deformations to assess its applicability in rehabilitation 
training. When integrated into elastic bands (Fig. 4b), NPYS enabled 
real-time monitoring of axial stretching. Distinct voltage outputs were 
obtained at different strain levels in resistance bands, with the output 

amplitude increasing monotonically with applied strain (Fig. 4a). A 
complete stretching–releasing cycle generated a single electrical signal 
cycle, demonstrating the capability of NPYS to continuously capture 
stretching motions (Fig. 4c). For vertical compression and bending 
modes, NPYS was embedded in insoles or mounted on human joints, 
including fingers, knees, and ankles. Electrical signals generated during 
different training movements.

exhibited pronounced differences in both amplitude and frequency, 
enabling effective discrimination of movement types and motion states 

Fig. 4. Anisotropic application demonstration and rehabilitation training monitoring system. a) Voc of NPYS under elastic-band stretching with strain ranging from 
15% to 30%. b) Photographs of NPYS integrated into elastic bands at stretching strains from 15% to 30%. c) Representative electrical signal corresponding to one 
complete stretching–releasing cycle. d-g) Electrical signals and corresponding photographs of NPYS integrated into the shoe insoles during slow walking, fast 
walking, jumping, and running, respectively. h) Photograph of rehabilitation training monitoring using NPYS. i) Electrical responses of NPYS attached to the finger, 
knee, and ankle joints under bending angles from 30◦ to 90◦. j-l) Electrical signals and corresponding photographs of NPYS attached to finger, knee, and ankle joints 
at different bending angles.
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(Fig. 4d–g, j–l). Notably, distinct signal responses were observed at 
bending angles of 30◦, 60◦, and 90◦, with output voltage showing a 
monotonic increase with bending angle (Fig. 4i). Among the tested sites, 
finger joints exhibited the highest bending sensitivity. These results 
demonstrate that NPYS can identify complex rehabilitation movements 
through combined analysis of signal amplitude and frequency, providing 
a reliable sensing platform for rehabilitation training monitoring.

Based on these results, a rehabilitation training monitoring system 
was developed [24]. Fig. 4h presents a representative photograph of a 
subject performing stretching rehabilitation using elastic bands inte
grated with NPYS. The supplementary materials include videos 
demonstrating the rehabilitation training monitoring system, specif
ically its applications in stretch force measurement and plantar pressure 
sensing with real-time feedback (Movies S1 and S2). The system in
corporates NPYS as the sensing unit to acquire mechanical signals 
generated during training in real time. The collected signals are pro
cessed through a signal modulation and analysis module to extract the 
training force as a key quantitative parameter. Real-time signals are 
continuously compared with predefined safety thresholds to enable 
dynamic assessment of training status. When the measured parameters 
exceed the threshold range, a control and feedback module is auto
matically activated to trigger warning signals and guide users to adjust 
training intensity until the signals return to a safe range. Through this 
closed-loop sensing–feedback strategy, the system achieves real-time 
regulation and quantitative evaluation of rehabilitation training while 
maintaining a structurally simple configuration. The detailed signal- 
processing and feedback workflow is provided in Note S3. Overall, 
these demonstrations highlight the effectiveness of NPYS for anisotropic 
monitoring of complex human motion. The proposed system offers a 
reliable approach for quantifying training intensity and reducing po
tential risks in rehabilitation training.

3. Conclusion

In this work, an NPYS based on a helical architecture was developed 
to overcome the limited anisotropic sensing capability of conventional 
flexible piezoelectric sensors. The TPU/PA helical yarn provides 
intrinsic NPR behavior and high stretchability, while the PVDF-TrFE 
electrospun fiber film contributes robust piezoelectric performance. 
Owing to the synergistic integration of structure and material, NPYS 
exhibits excellent mechanical compliance and can achieve anisotropic 
sensing capabilities for axial tension, normal compression, and bending 
gradients. Furthermore, NPYS is inherently compatible with textile 
integration, highlighting its potential for flexible electronic textiles. As a 
proof of concept, NPYS demonstrates reliable monitoring of diverse 
physiological signals on complex curved body surfaces and enables real- 
time tracking and feedback when incorporated into a rehabilitation 
training monitoring system. This work establishes a versatile strategy for 
anisotropic sensing using flexible piezoelectric yarns and underscores 
their promise in wearable electronics, electronic textiles, and human
–machine interaction.

4. Experimental section

4.1. Materials

Poly(vinylidene fluoride–trifluoroethylene) (PVDF-TrFE, 80:20) 
powder was purchased from Beijing Guangtai Runbo Technology Co., 
Ltd. N,N-dimethylformamide (DMF, 99.9%) and acetone (AC, 99.9%) 
were obtained from Aladdin Reagent Co., Ltd. All chemical reagents 
were used as received without further purification. Polyurethane elastic 
yarn (PU, diameter 1 mm) and polyamide yarn (PA, diameter 0.27 mm) 
were supplied by Dongguan Yuechao Thread Co., Ltd. Transparent poly 
(vinyl chloride) (PVC) tubing with a diameter of 2.5 mm was purchased 
from Wenzhou Yingbo Electric Co., Ltd.

4.2. Preparation of the PVDF-TrFE nanofibers

A PVDF-TrFE electrospinning solution was prepared by dissolving 
0.5 g of PVDF-TrFE (80:20) in a mixed solvent of N⋅N-dimethylforma
mide and acetone (v/v = 1:1, total volume 5 mL). The solution was 
magnetically stirred at room temperature for 12 h to obtain a homoge
neous solution, followed by degassing under vacuum to remove trapped 
air bubbles. The resulting solution was loaded into a 10 mL syringe for 
electrospinning. Electrospinning was carried out at an applied voltage of 
15–17 kV with a flow rate of 1.0 mL h− 1. The distance between the 
needle tip and the rotating collector was fixed at 13 cm, and the collector 
rotation speed was set to 1000 rpm. After electrospinning, the collected 
PVDF-TrFE nanofiber films were annealed at 100 ◦C for 3 h.

4.3. Preparation of NPYS

The PVDF-TrFE nanofiber film (98 mm × 4 mm) was first encapsu
lated. Silver electrodes were deposited on both sides of the film by 
magnetron sputtering under an argon atmosphere. Copper wires were 
electrically connected using carbon cloth, and the assembly was 
encapsulated with a flexible, high-temperature-resistant polyimide (PI) 
film. NPR yarns were fabricated by helically winding polyamide (PA) 
yarn around a polyurethane (TPU) core yarn with a defined helix length 
(5–15 mm) and winding angle, followed by bonding of the two yarns 
ends. The encapsulated PVDF-TrFE film was then helically wrapped 
around the NPR yarn and enclosed within a transparent poly(vinyl 
chloride) (PVC) tube, yielding the complete NPYS.

4.4. Finite element analysis

Finite element analysis (FEA) was conducted to evaluate the piezo
electric response modes of the designed device. The model geometry was 
defined according to the actual device dimensions. To reduce compu
tational complexity, the electrospun PVDF-TrFE film was approximated 
as a homogeneous continuum with a Young's modulus of 800 kPa and a 
Poisson's ratio of 0.35. The present finite-element model was primarily 
developed to elucidate the stress-transfer behavior of the NPR structure 
during tensile deformation and its effect on the piezoelectric layer. 
Accordingly, piezoelectric multiphysics coupling and interfacial contact 
evolution were not explicitly considered in the current model. There
fore, the simulation results are intended to clarify the electromechanical 
coupling mechanism and its variation trend.

4.5. Materials characteristics and measurement of electric performance

The morphology of the PVDF-TrFE electrospun films was charac
terized by field-emission scanning electron microscopy (FESEM, JSM- 
7800F, JEOL) operated at 15 kV, coupled with energy-dispersive X-ray 
spectroscopy (EDS). The crystalline structure was analyzed using X-ray 
diffraction (XRD, Empyrean, PANalytical), while Fourier-transform 
infrared spectroscopy (FTIR, Nicolet iS50, ATR mode) and Raman 
spectroscopy (RM2000, 514 nm excitation) were employed to investi
gate the phase composition and molecular conformation further. The 
pressure sensing performance was evaluated by applying controlled 
compressive loads using a linear motor (LinMot H01–23 × 86/160) in
tegrated with a force sensor (M7–50, Mark-10), allowing real-time force 
monitoring. Tensile sensing performance was assessed using a universal 
testing machine (UTM, Shanghai Songdun Instrument Manufacturing 
Co., Ltd.) under controlled tensile loading conditions. The correspond
ing voltage and current outputs were recorded in real time using a 
Keithley 6517 electrometer.
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