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Abstract
Flexible multidimensional sensors are essential for smart wearables in motion
monitoring, recognition and health tracking. However, conventional strain
sensors have limitations for application in complex three‐dimensional (3D)
motion analysis due to their tradeoff between the detection direction and
strain sensitivity, and the process compatibility for system integration in
flexible sensors. This work presents a novel flexible multidimensional sensor
capable of simultaneous detection of in‐plane (along X‐ and Y‐axes) and out‐
of‐plane pressure (Z‐axis) strain direction using an integrated thin film sensor.
The 3D thin film sensor comprises a tri‐layer structure of an upper pressure
sensor component and a stack of orthogonally aligned nanofibrous strain
layers, forming a cross‐structured sensor with strong orthogonally directional
selectivity. The integrated 3D thin film sensor is fabricated by electrospinning
and infiltration, achieving a high gauge factor (GF) of 925 and a wide strain
range of 630%. The sensor exhibits an in‐plane GF of 293.2 along the X‐axis
and that of 1.3 along the Y‐axis, yielding a high selectivity ratio of 6.15,
revealing a mechanical stability over 5500 cycles with minimal crosstalk. It
accurately distinguishes strain direction (0°–90°) and magnitude. Z‐axis
pressure is detected via a capacitive mechanism, thus enabling full 3D force
perception. Integrated with a long short‐term memory network, the 3D sensor
achieves 95.83% accuracy in recognizing complex motions, surpassing single‐
axis recognition by 21.7%. This work demonstrates a compact, high‐
performance approach to multidimensional sensing for intelligent wearable
motion monitoring and recognition systems.

KEYWORD S
3D mechanical sensing, flexible multidirectional sensor, motion monitoring and
recognition, orthogonal stacked fibrous films

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

© 2026 The Author(s). FlexMat published by John Wiley & Sons Australia, Ltd on behalf of Nanjing University of Posts & Telecommunications.

FlexMat. 2026;3:29–41. wileyonlinelibrary.com/journal/flm2 - 29

httpsdoiorg101002flm270051
https://orcid.org/0000-0002-6691-1937
mailto:yuanyuan_liu@shu.edu.cn
mailto:zhangwd@sjtu.edu.cn
mailto:frzhu@hkbu.edu.hk
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/journal/28369106


1 | INTRODUCTION

In recent years, intelligent wearable electronic devices
have become important platforms for health monitoring
and human‐machine interaction, owing to their ability to
capture physiological signals and motion behaviors in
real‐time and unobtrusively.1–5 As a core sensing
component, flexible strain sensors can transduce subtle
mechanical deformations in the human body into
measurable electrical signals, and have thus become a
key technology for real‐time physiological signal acqui-
sition and motion recognition.6–10 To enhance sensor
performance, extensive research efforts have been
devoted to developing high‐performance conductive ma-
terials, including conductive polymers, carbon nano-
tubes, and graphene, significantly improving device
sensitivity, stretchability, and cycling stability.11–16

However, despite continuous optimization of material
systems, existing flexible strain sensors commonly suffer
from limitations such as single‐dimensional detection,
inadequate trade‐offs between sensitivity and strain
range, and insufficient directional selectivity, severely
restricting their practical application in complex and
dynamic human motion monitoring scenarios.17–20

Human motion is inherently a 3D dynamic process
involving coordinated multi‐joint movements and
coupled degrees of freedom, encompassing various me-
chanical modes such as stretching, twisting, and
compression. Therefore, the uniaxial or in‐plane biaxial
strain sensing is insufficient to fully capture the true
characteristics of complex motions. Developing flexible
sensors with multidimensional and synchronous
perception capabilities enables effective distinction of
strain direction and magnitude.21,22 These sensors pro-
vide comprehensive data for accurate motion state
reconstruction and reliable behavior recognition, repre-
senting a key step toward “precise perception” in intel-
ligent wearable systems. Recent advances in bio‐inspired
sensing architectures, such as the monolithic cell‐on‐
memristor (CoM) array for gustatory mapping and the
reconfigurable optoelectronic memristive array for par-
allel optical encoding, demonstrate how high‐density,
spatially resolved sensor arrays can capture complex
spatiotemporal signals, offering a blueprint for multidi-
mensional motion sensing.23,24 However, most current
multidimensional sensors rely on complex micro/nano‐
structural designs or multilayer stacking strategies. For
instance, a polydimethylsiloxane/gold film sensor
comprising V‐shaped groove and hierarchical wrinkle
surface structures was reported, enabling high sensitivity
and a strong anisotropic strain response.25 A 3D muscle
and skin multimodal sensor, prepared using a gradient‐
wrinkled MXene/ZnO nanowire film with aligned

PI/PU fibrous films, was reported for achieving a high‐
precision identification of strain, pressure, and shear,
along with the magnitudes and directions.26 Although the
aforementioned studies have achieved significant prog-
ress in directional selectivity and multimodal recognition
capabilities, they often involve complicated fabrication
processes, high costs, and poor scalability. These limita-
tions make it difficult to meet the practical requirements
of flexible electronics for comfortable wearability and
large‐scale production.27

More critically, most current flexible sensors are still
limited to monitoring single‐dimensional motions or in-
dividual joints, failing to synchronously capture multi-
dimensional spatial motion signals. This results in
fragmented sensory information and an inability to
reconstruct the true complexity of human movement. In
contrast to strategies that depend on intricate micro-
architectures or complex fabrication techniques, a more
promising alternative lies in exploiting the intrinsic ma-
terial anisotropy. This approach enables the realization of
directionally sensitive responses through deliberate con-
trol of microstructural alignment, offering a simpler,
more efficient, and scalable pathway for developing
advanced flexible sensors.28–30 Aligned fibrous structures,
due to their inherent mechanical anisotropy and excel-
lent flexibility, can enable direction‐sensitive strain
detection without the need for sophisticated micro-
fabrication.31,32 When further integrated with highly
conductive nanomaterials, a stable conductive network
can be formed on the fiber surface, significantly
enhancing both sensing sensitivity and device
durability.33

In this work, we report a novel multilayer thin‐film
flexible multidimensional sensor that allows for
comprehensive motion recognition, making the sensor
suitable for human motion detection in health tracking
and monitoring applications. The sensor has a trilayer
configuration, composed of two orthogonally aligned
thermoplastic polyurethane (TPU): polyethylene oxide
(PEO)/graphene nanofibrous conductive stack, enabling
the detection of stretching along both the x‐ and y‐axes
within the plane. Additionally, an overlaid pressure
sensor layer on the sensor surface is capable of detecting
pressure in the z‐direction, perpendicular to the plane.
The sensor enables effective decoupling and highly sen-
sitive detection of in‐plane strains along X‐ and Y‐axes,
achieving a GF of 293.2 and a direction selectivity of 6.15,
with stable performance over 5500 cycles. By integrating
a capacitive sensing mechanism, the sensor ingeniously
enables Z‐axis force detection, thereby achieving simul-
taneous monitoring of 3D mechanical signals within a
single device. When combined with a Long Short‐Term
Memory (LSTM) algorithm,34,35 the system achieves a
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motion recognition accuracy of 95.83%, representing a
significant improvement over the 78.47% accuracy
obtained with single‐axis input. This notable enhance-
ment in recognition performance highlights the core
advantage of multidimensional signal fusion and aligns
with the co‐design paradigm of “sensing‐encoding‐
computing” observed in neuromorphic heterostructure
systems. This approach, through the deep integration and
synergistic optimization of hardware and algorithms,
effectively improves the classification accuracy of the
system, thereby collectively advancing the perceptual
intelligence and analytical capabilities of smart wearable
devices to a higher level.36,37

2 | EXPERIMENTS

2.1 | Materials and characterization

Thermoplastic polyurethane (TPU, Elastollan 1185A) was
purchased from Xingyuan Plastic Raw Materials Shop;
graphene (purity > 98%), tetrahydrofuran (THF, 99.5%),
N,N‐dimethylformamide (DMF), anhydrous ethanol
(99.5%), and polyethylene oxide (PEO) were all obtained
from Aladdin Biochemical Technology Co., Ltd.

The microstructure of the samples was observed using
a scanning electron microscope (SEM, Hitachi SU8230).
The stress–strain behavior was measured using a pneu-
matic tensile testing machine (KNWN‐K500D, Jinan
Kean Testing Machine Manufacturing Co., Ltd.). The
electrical resistance of the sensor was recorded with a
flexible electronics testing platform (Prtronic Flexible
Electronics Testing Platform, Shanghai Prtronic Elec-
tronic Technology Co., Ltd.).

The 3D strain sensor simultaneously outputs resistive
signals (for in‐plane X/Y strain) and capacitive signals
(for out‐of‐plane Z pressure). To ensure high‐fidelity
readout, a dual‐channel acquisition strategy was adop-
ted. Resistive signals were converted to voltage via a
precision voltage divider and low‐noise amplification
circuit, then sampled in real time by a 12‐bit multi‐
channel ADC on an STM32 microcontroller and trans-
mitted to a host PC for processing. Due to the small
magnitude and susceptibility of the capacitive signal to
parasitic interference, it was measured independently
using a precision LCR meter (Tonghui TH2832) at a test
frequency of 1 kHz. Data from both modalities were
recorded under identical mechanical loading conditions,
with steady‐state responses synchronized post‐acquisition
based on load timestamps to enable accurate multidi-
mensional correlation analysis.

2.2 | Fabrication of the orthogonally
stacked flexible strain sensor

The sensing layer of the flexible strain sensor was fabri-
cated via TPU electrospinning and graphene infiltration.
As shown in Figure 1A, TPU granules and PEO powder
(mass ratio of 2 g:0.4 g) were dissolved in 10 mL of a DMF/
THF mixture (volume ratio 3:2) to prepare the electro-
spinning precursor solution. Two receiving platformswere
designed at different heights to facilitate fiber alignment.
The height difference induces edge effects, which stretch
thefibers in the central region. It promotes the formationof
a preferentially aligned fibrous structure, enabling the
fabrication of directionally anisotropic films. A voltage of
9 kV was applied between the needle tip and the collector,
with a working distance of 15 cm. The aligned TPU/PEO
fibers were collected at a flow rate of 1.0 mL/h. The as‐
electrospun nanofibrous film was immersed in deionized
water at room temperature for 24 h to selectively remove
PEO. Afterward, the film was dried at 35°C for 4 h,
resulting in an etched TPU film with a porous micro‐nano
topological structure. Subsequently, 0.9 g of graphene was
dispersed in 30 mL of anhydrous ethanol and ultra-
sonicated for 60 min to prepare a 3 wt% graphene disper-
sion. The etched TPU:PEO nanofibrous film was then
immersed in the well‐dispersed graphene suspension,
facilitating the formation of a continuous conductive
network on the surface of the aligned fibers.

The orthogonally stacked strain sensor was also fabri-
cated using electrospinning technology. As shown in
Figure 1B and 2 g of TPUwas dissolved in 10mL of a DMF:
THF mixture solvent, with a volume ratio of DMF to THF
of 3:2, to prepare the electrospinning precursor solution. A
working voltage of 9 kV and a working distance of 15 cm
were used, with a spinning rate of 1.0 mL/h, to produce a
TPU nanofiber membrane serving as the flexible substrate
for the strain sensor. Next, the TPU:PEO/graphene films
were cut into two stripsmeasuring 20× 7mm2 each,which
serve as the sensing elements of the orthogonally stacked
strain sensor. The TPU:PEO/graphene film was aligned
along theX‐axis on the surface of the substrate film to form
the X sensing unit. A TPU protective layer was then in situ
electrospun onto the surface of the X‐axis sensing unit to
create an isolation layer. Using the same fabrication
method as for the X‐axis sensing unit, another TPU:PEO/
graphene filmwas aligned along theY‐axis to construct the
Y sensing unit. An additional TPU encapsulation layer was
finally in situ electrospun over the entire device to ensure
strong adhesion between the top and bottom layers. To
ensure the accuracy of the results, more than 10 samples
were tested in each experiment.
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The SEM analysis reveals a smooth surface morp-
hology and well‐ordered alignment of the TPU nanofibers
fabricated using two receiving platforms (Figure 1C and
Supporting Information S1: Figure S1). In contrast, the
control sample collected with a single receiving platform
(Figure 1D) exhibits a randomly oriented fiber structure.
Mechanical tests were conducted on both unordered and
aligned fiber structures, with the results shown in
Figure 1E. The film composed of randomly oriented fi-
bers exhibits isotropic tensile behavior due to the lack of
preferential alignment, and fails at a strain of 440%.
Conversely, for the film with aligned fibers, when the
stretching direction is parallel to the fiber alignment
(axial direction), the material fractures at a strain of only
78%. In contrast, for the film with aligned fibers, when
stretched along the fiber orientation (axial direction), the
material exhibits a significantly reduced failure strain of
78%, indicating constrained ductility due to directional
load transfer and limited fiber reorientation. However,
when stretched perpendicular to the fiber alignment

(radial direction), the fracture strain increases dramati-
cally to 560%, which is more than sevenfold higher than
that in the axial direction. This pronounced disparity in
mechanical behavior between the two principal di-
rections clearly demonstrates the mechanical anisotropy
of the aligned nanofibrous film. The results reveal the
critical role of fiber orientation in governing directional
mechanical response. They also show that aligned fiber
architectures can be engineered to deliver enhanced,
directionally tailored performance, particularly beneficial
for advanced sensing applications requiring controlled
anisotropic properties. Besides, Young's modulus is a key
parameter for assessing the mechanical properties of
flexible materials. As illustrated in Supporting
Information S1: Figure S2, the Young's moduli of the
three fibers were determined through data fitting and
computational analysis based on multiple tensile fracture
tests. Considering both the overall tensile range and the
magnitude of applied stress, radially oriented fibers
demonstrate superior sensitivity to mechanical stimuli.

F I GURE 1 Schematic diagram illustrating (A) preparation of the aligned fibrous films, (B) fabrication of orthogonally stacked strain
sensors, SEM images measured for (C) the aligned TPU fiber layer and (D) the disordered TPU fibers, and (E) mechanical properties
measured for the different fibers. SEM, scanning electron microscope; TPU, thermoplastic polyurethane.
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This suggests that radially aligned fiber films undergo
more pronounced deformation under strain, leading to a
greater number of alterations in the conductive pathways
within the fabricated sensor, thereby enhancing its
overall sensitivity.

3 | RESULTS AND DISCUSSION

3.1 | Sensing mechanism of the
orthogonally stacked strain sensor

Based on the above fabrication process, we successfully
developed an orthogonally stacked flexible strain sensor
with 3D sensing capability for smart wearable applica-
tions. Strains applied horizontally and vertically across
the sensor are defined as the X and Y directions,
respectively. The photograph of the sensor is shown in
Figure 2A with a square shape of 2 × 2 cm2. The device
exhibits a total thickness of approximately 0.5 mm,

resulting in an ultrathin, lightweight, and breathable ar-
chitecture that conforms readily to human skin or textile
substrates, enabling robust and non‐invasive attachment
for wearable applications. As illustrated in Figure 2B,
when the sensor is subjected to tensile force at different
angles θ, the X and Y sensing units respond selectively to
the strain components along their respective orientations.
By analyzing the resistance changes in both units, the
direction and magnitude of the applied strain can be
accurately determined.

Notably, beyond in‐plane X and Y strain monitoring,
the cross‐structured sensor achieves Z‐axis force detection
througha capacitive transductionmechanismbased on the
parallel‐plate capacitor principle. As illustrated in
Figure 2C, the overlapping regions of the top and bottom
conductive layers, corresponding to the in‐plane strain
sensing units along X‐ and Y‐axes, are separated by a
dielectric spacer, forming a well‐defined parallel‐plate
capacitor. Upon application of an out‐of‐plane force (along
the Z‐axis), the inter‐electrode distance decreases,

F I GURE 2 Sensing principle and microscopic characterization: (A) photo of the orthogonally stacked flexible strain sensor,
(B) schematic diagram illustrating the angle monitoring principle, (C) schematic diagram of the parallel plate capacitor principle, (D) SEM
image of the aligned TPU:PEO/graphene layer, (E) cross‐sectional SEM image of a single‐layer sensor, (F) center area SEM image of a
single‐layer sensor, (G) edge SEM image of a single‐layer sensor, (H) center area SEM image of a double‐layer sensor, (I) edge SEM image of
a double‐layer sensor. PEO, polyethylene oxide; SEM, scanning electron microscope; TPU, thermoplastic polyurethane.
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inducing a reversible and measurable increase in capaci-
tance. Real‐time monitoring of this capacitive response
allows for precise quantification of normal forces. By
integrating resistive strain sensing for in‐plane (along X‐
andY‐axes) deformationwith capacitive sensing for out‐of‐
plane (Z‐axis) loading, the sensor enables concurrent,
multidimensional mechanical signal acquisition. This
triaxial sensing capability establishes a robust platform for
comprehensive 3D biomechanical analysis in advanced
wearable and human‐machine interface applications.

The TPU:PEO/graphene sensor fabricated using
aligned films exhibits a highly ordered structure under
SEM, as shown in Figure 2D. The graphene within the
fibers is uniformly distributed, forming a continuous
conductive network that enhances the conductivity and
sensitivity of the integrated thin film sensor. Further
characterization of the surface morphology and stretch‐
induced morphology changes of the sensor was per-
formed. Taking the single‐layer structure as an example,
it is clearly shown in Figure 2E that the layered structural
features of the device, with the upper layer being the
sensing layer and the lower layer being the encapsulation
layer, are separated by a distinct interface, indicating
successful isolation of the sensing layer by the encapsu-
lation layer.

Distinct layered features are clearly observed in
Figure 2E. The upper layer (TPU:PEO/graphene) serves
as the sensing layer, while the lower layer (TPU) func-
tions as the encapsulation layer. A well‐defined interface
between them confirms successful isolation of the
sensing layer by the encapsulation structure. Supporting
Information S1: Figure S3 illustrates the microstructural
evolution of the device under angular tensile stress. The
red dashed lines denote the stretching direction of the
fibers within the conductive layer. As the device is sub-
jected to angular strain, it undergoes distinct structural
rearrangements, revealing the underlying deformation
mechanism responsible for its mechanical response.
Figure 2F,G show cross‐sectional SEM images of different
regions of the single‐layer film strain sensor. In
Figure 2F, the conductive functional layer at the center is
delineated by a white dashed line, exhibiting a uniform
and planar morphology. At the edge (Figure 2G), a clear
interface is observed between the conductive layer and
the substrate, with consistent thickness, indicating uni-
form coating.

Figure 2H,I present cross‐sectional SEM images of the
dual‐layer composite sensor. In the central region
(Figure 2H), the two functional layers, marked by white
dashed lines, display well‐ordered stacking. At the edge
(Figure 2I), the two conductive layers (indicated by white
arrows) are tightly bonded, with no visible interfacial
defects, confirming high structural reproducibility. These

SEM characterizations demonstrate that both single‐layer
and dual‐layer sensors possess well‐defined microstruc-
tures and high‐quality interfaces. This structural integrity
provides a solid foundation for reliable electrical and
mechanical performance, ensuring high sensitivity and
durability under dynamic deformations, which are
essential for precision motion detection for use in wear-
able sensors.

To verify the successful incorporation and structural
integrity of graphene within the TPU:PEO fibers, Raman
spectroscopy was performed over the range of
800–2400 cm−1 (Supporting Information S1: Figure S4).
The pristine TPU:PEO film shows no discernible peaks in
this region, confirming the absence of graphitic carbon.
In contrast, the TPU:PEO/graphene composite exhibits
two distinct characteristic bands: a strong G‐band at
~1580 cm−1, corresponding to the in‐plane vibration of
sp2‐hybridized carbon atoms, and a D‐band at
~1350 cm−1, associated with defects or edge sites in the
graphene lattice. The clear presence of these features
confirms that graphene is effectively embedded within
the fibers and largely retains its graphitic structure. This
supports the formation of a percolating conductive
network, which underpins the sensor's high gauge factor
and electrical stability.

To quantitatively assess the sensor's flexibility and
mechanical robustness under repeated deformation, cy-
clic 180° bending tests were performed at a bending
radius of approximately 5 mm. The piezoresistive
response under 30% tensile strain was evaluated after
100, 600, and 1000 bending cycles. As shown in Sup-
porting Information S1: Figure S5, the relative resistance
signal exhibit negligible variation (<3%) across all tested
cycles, with no observable waveform distortion or base-
line drift. This demonstrates that the cross‐film archi-
tecture maintains excellent structural integrity and
electrical stability even under extreme and repeated
flexion.

To evaluate the scalability and batch‐to‐batch repro-
ducibility of the fabrication process, 10 independently
prepared sensor batches were fabricated under identical
conditions and characterized for key performance met-
rics. As summarized in Supporting Information S1: Ta-
bles S1 and S2 and Figure S6, the gauge factor along the
X‐axis (GF_X), Y‐axis (GF_Y), directional selectivity ratio,
and response time exhibit excellent consistency across all
batches. The corresponding coefficients of variation
(CV) are 10.8%, 11.3%, 12.3%, and 6.82%, respectively,
which are well within acceptable ranges for flexible
electronic manufacturing. These results confirm that the
electrospinning‐based composite process is robust,
controllable, and amenable to scalable production, laying
a foundation for future industrial implementation.
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3.2 | Sensing performance of the
orthogonally stacked strain sensor

The TPU:PEO/graphene sensor exhibits a stable and
reproducible gauge factor (GF = (ΔR/R0)/ε, where ε is
strain) across a broad strain detection range, with a
distinctly multi‐regime dependence on strain magnitude.
As shown in Figure 3A, the GF increases gradually
within the 0%–360% strain range. A steeper rise is
observed between 360% and 540% strain, where the GF
reaches 83.22. Upon further stretching from 540% to
630%, the GF increases sharply, reaching a maximum of
925.25. This abrupt rise indicates a strain‐induced
percolation transition in the conductive network. With
respect to response dynamics, the sensor demonstrates a
rapid response time of 226 ms (Figure 3B). Cyclic tensile‐
release tests at multiple strain levels (Figure 3C) reveal
consistent ΔR/R0 responses under identical deformation
conditions, confirming excellent signal stability and
repeatability over repeated mechanical loading. These
results demonstrate the unique electromechanical

performance and suitability of the integrated thin‐
film sensors for applications in comprehensive human
motion monitoring and recognition. Furthermore,
tensile–release tests conducted at various frequencies
(Supporting Information S1: Figure S7) demonstrate that
the sensor exhibits consistent responses across the tested
frequency range, underscoring its excellent dynamic
stability and frequency‐independent performance.

To systematically evaluate the reproducibility of resis-
tance response, the cooperative functionality of theX andY
sensing units was examined formulti‐angle in‐plane strain
detection. Figure 3D–F present the relative resistance
change ΔR/R0 of the sensor over multiple stretching cycles
at various angles, demonstrating consistent and repeatable
signal output. The coordinated operation of the orthogonal
sensors enables reliable detection of strain direction and
magnitude within the plane. For long‐term stability
assessment, cyclic loading tests were conducted under 5%
strain along both X and Y directions for 5500 cycles. As
shown in Figure 3G,H, the sensor exhibits stable and well‐
retained electromechanical performance throughout the

F I GURE 3 Tensile characteristics of the orthogonally stacked strain sensor: (A) sensing performance and (B) response time of the
TPU:PEO/graphene sensor, (C) cyclic tensile sensing curves under different strain levels, (D–F) repeated tensile performance of the
orthogonally stacked sensor at 30°, 45° and 90°, (G–H) durability tests of the orthogonally stacked sensor under 5% strain applied along the
X and Y directions for 5500 cycles, respectively. PEO, polyethylene oxide; TPU, thermoplastic polyurethane.
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test. These results confirm its excellent durability and
mechanical robustness,making it suitable for extendeduse
in wearable monitoring applications. To further validate
the robustness of the sensor under out‐of‐plane loading, a
cyclic compression test was performed along the Z‐axis for
3700 cycles at a constant compressive strain of 250 kPa. As
shown in Supporting Information S1: Figure S8, the
capacitive response remained highly stable throughout the
test, with less than 5% signal degradation and negligible
hysteresis. This demonstrates that the cross‐film archi-
tecture maintains excellent structural integrity and
consistent pressure‐sensing performance under repeated
mechanical stress, confirming its suitability for long‐term
wearable applications involving dynamic contact.

Multidirectional strain sensing is essential for prac-
tical applications of flexible sensors, as human motion
involves complex and direction‐dependent mechanical
signals that single‐axis sensors cannot fully capture. By
orthogonally integrating X‐ and Y‐directional sensing
units, the orthogonally stacked strain sensor enables
cooperative responses with high directional resolution,
allowing effective discrimination of in‐plane strain
orientation and magnitude. To quantitatively assess its
anisotropic performance, the resistance response was
measured under strain applied at various angles. GF was
calculated for both sensing axes to evaluate sensitivity
and directional selectivity.

The relative resistance change ΔR/R0 of the orthogo-
nally stacked sensors during stretching at different angles
is shown in Figure 4A–E. The sensor exhibits a maximum
GF of 293.2 when it is stretched along theX‐axis (0°), while
it shows a minimal response along the orthogonal direc-
tion (e.g.,Y‐axis). Likewise, when the orthogonally stacked
sensor is stretched along theY‐axis (at 90°), it achieves aGF
of 288.4, while a negligible signal in its orthogonal direc-
tion (X‐axis) is observed. At intermediate angles (30°, 45°,
75°), the responses of the two units vary progressively,
enabling continuous identification of strain direction.
Supporting Information S1: Figure S9 presents schematic
illustrations of the stretching behavior of disordered versus
oriented fibrous networks. In the sensor with a disordered
fiber architecture, stretching induces complex inter‐fiber
interactions and interference, which can lead to signal
instability andmeasurement errors. In contrast, the sensor
based on an oriented fiber arrangement exhibits more
uniform and orderly in‐plane force distribution when
subjected to varying stretching angles. This structural
alignment minimizes inter‐fiber interference, thereby
enhancing the stability and reliability of the integrated thin
film multidimensional sensor. Figure 4F plots the GF
values as a function of stretching angle θ. As θ increases
from 0° to 90°, the GF of the orthogonally stacked sensor
stretched in the X‐axis decreases from 293.2 to 1.2, while

the GF increases from 1.3 to 288.4 when it is stretched
along theY‐axis. This angular dependence follows a highly
linear trend (R2 = 0.99), indicating predictable and stable
directional discrimination. With a selectivity ratio of 6.15,
the sensor demonstrates excellent anisotropy and reliable
multidimensional perception, making it well‐suited for
precision biomechanical monitoring in real‐world wear-
able systems.

When operating as a Z‐axis pressure sensor, the TPU
isolation layer functions as the dielectric layer, while the
conductive composite films of the X and Y sensing units
serve as the electrodes. This configuration enables
capacitive pressure detection based on the parallel‐plate
principle. As shown in Figure 4G, the sensor exhibits
high performance across both low and high pressure
ranges, with a detection limit exceeding 200 kPa. Under a
constant pressure of 5 kPa, the sensor responds reliably to
dynamic stimuli at various frequencies (0.1 Hz, 0.2 Hz,
0.5 Hz), as illustrated in Figure 4H, demonstrating robust
dynamic signal acquisition capability. As shown in Sup-
porting Information S1: Figure S10, under applied pres-
sures of 5 kPa, 10 kPa, and 15 kPa, the relative
capacitance change (ΔC/C0) of the sensor varies period-
ically with time. Moreover, the amplitude of the capaci-
tance response increases monotonically with pressure,
demonstrating excellent linearity and stability. The
comparison of the performance between the sensors
developed in this work and the ones of the reported
wearable strain sensors in terms of strain range, sensi-
tivity, dimensionality, directional selectivity, and
response time is shown in Figure 4I.38–42 The results
show that our novel orthogonally stacked flexible sensor
outperforms existing designs across these key metrics,
highlighting its superior potential for high‐performance,
multidimensional wearable sensing applications.

To evaluate environmental stability under realistic
wearable conditions, the sensor was tested against sweat
exposure and temperature variations. Repeated spraying
with normal saline (simulating sweat) caused no signifi-
cant performance degradation (Supporting Information
S1: Figure S11), and consistent piezoresistive responses
were maintained across a temperature range from −10 to
37°C at 30% strain (Supporting Information S1: Figure
S12), demonstrating robustness for practical applications.

3.3 | Applications in human motion
monitoring

The aligned orthogonally stacked strain sensor, with its
high sensitivity, excellent stretchability, and multidimen-
sional sensing capability, serves as a promising wearable
electronic device for monitoring human biomechanics
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(Figure 5A).Whenmounted on the ankle joint (Figure 5B),
the sensor enables real‐time detection of multi‐degree‐of‐
freedom movements, including dorsiflexion and inver-
sion. This simultaneous andmultidimensionalmonitoring
provides comprehensive mechanical data for gait analysis,
facilitating the identification of abnormal motion patterns
and potential motor impairments. Such capabilities hold
significant potential for clinical diagnostics, rehabilitation
assessment, and personalized therapeutic planning.

In wrist monitoring applications (Figure 5C), the
sensor exhibits high directional resolution. During wrist
flexion‐extension, the Y‐direction signal increases mark-
edly with bending, while the X‐direction response remains
negligible. Conversely, during radial‐ulnar deviation, the
X‐direction shows a clear resistance change, with negli-
gible response in the Y‐direction. This selective response
confirms the multidimensional senso with the capabilities
of effectively decoupling complex joint motions along
orthogonal axes, enabling precise, motion‐specific
tracking in dynamic physiological environments.

In sports and fitness applications, the bench press is a
fundamental upper‐body resistance exercise primarily

engaging the pectoral muscles. By mounting the flexible
sensor on the pectoral region, for example, with its X‐axis
aligned horizontally across the chest, Y‐axis vertically,
and the Z‐axis normal to the muscle surface, the sensor
enables synchronous, 3D monitoring of muscle defor-
mation. As shown in Figure 5D, during a standard bench
press, the pectoral muscles undergo periodic compression
and elongation as the barbell is lowered and extended.
The Z‐axis capacitive signal exhibits regular fluctuations
corresponding to changes in muscle thickness. The X‐axis
resistance signal responds sensitively to lateral arm mo-
tion, while the Y‐axis remains relatively unchanged,
indicating proper movement execution and targeted
muscle activation.

In contrast, common movement errors, such as
excessive elbow flare as shown in Figure 5E or an overly
narrow grip (Figure 5F), reduce exercise efficiency and
may lead to compensatory shoulder activation or lumbar
strain. These improper techniques result in abnormal
signal coupling or unexpected responses across the X, Y,
and Z axes. Dynamic analysis of the 3D signals allows
precise identification of activation timing, force

F I GURE 4 Sensing characteristics of the orthogonally stacked strain sensor: (A–E) performance under tensile strain applied at 0°, 30°,
45°, 75°, and 90°, respectively, (F) directional selectivity, (G) capacitive sensitivity curve of the sensor, (H) dynamic response curves under
different excitation frequencies, (I) comparative analysis of the present sensor with state‐of‐the‐art wearable strain sensors reported in the
literature.
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distribution, and load transmission patterns. This enables
quantitative assessment of movement quality and pro-
vides reliable, real‐time feedback. The sensor thus offers a
scientific foundation for personalized training design,
technique refinement, and injury risk mitigation.

To evaluate breathability for long‐term wearability, an
on‐skin comparative test was conducted between the
proposed TPU‐based sensor and a conventional PDMS‐
based device (Supporting Information S1: Figure S13).
Both were adhered to the forearm of a healthy volunteer
under identical conditions for 24 h. Post‐test inspection
revealed noticeable skin redness in the area covered by
the PDMS device, whereas no visible adverse effects were
observed under the TPU‐based sensor. This result dem-
onstrates that the TPU‐integrated design offers superior
air permeability and skin compatibility, significantly
enhancing wearer comfort and supporting its suitability
for extended wearable applications.

3.4 | Applications in human motion
monitoring and recognition

Motion pattern recognition is a critical component of
human movement monitoring, aiming to accurately
classify movement types and assess execution quality
through analysis of biomechanical signals. Conventional
approaches typically rely on single‐dimensional data,
which often limits feature richness and results in sub-
optimal recognition accuracy due to insufficient infor-
mation. Building on the multidimensional flexible strain
sensor, this study explores its application in recognizing
complex motion patterns, leveraging its capability for rich
signal acquisition.

Using the bench press as a representative fitness task,
the sensor was employed to capture real‐time X, Y, and
Z‐axis deformations over the pectoral region. To enable
accurate recognition of complex motion patterns, a Long

F I GURE 5 Demonstration of the orthogonally stacked strain sensor in various scenarios: (A) full‐body signal monitoring by attaching
the sensor to different parts of the human body, (B) ankle joint monitoring, (C) wrist joint motion, (D–F) bench press monitoring with
standard posture, excessive angle and insufficient angle.
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Short‐Term Memory (LSTM) network was employed to
model the temporal dynamics of multidimensional sensor
signals (Figure 6A).43–45 Raw triaxial strain data were
segmented into fixed‐length windows and decomposed
via wavelet packet transform to extract energy features
from multiple frequency sub‐bands. These features were
normalized and fed into an LSTM architecture
comprising one layer with 128 hidden units, followed by
a fully connected layer and a Softmax output layer for
three‐class classification (standard, excessive elbow
abduction, and insufficient elbow abduction). Dropout
regularization was applied to mitigate overfitting. The
network was trained using the Adam optimizer with a
cross‐entropy loss function. The batch size was set to 32
and the number of epochs was set to 50. The dataset was
split 80:20 into training and test sets. By capturing long‐
range temporal dependencies and nonlinear feature in-
teractions, the LSTM model achieved a classification ac-
curacy of 95.83%, significantly enhancing the reliability
and discriminative capability of the sensing system.
Three postures were evaluated: standard form, excessive
elbow abduction, and insufficient elbow abduction.

Recognition accuracy based on single‐axis inputs was
81.94% (X‐axis, Figure 6B), 82.64% (Y‐axis, Figure 6C),
and 78.74% (Z‐axis, Figure 6D). Fusion of X‐ and Y‐axis
signals improved accuracy to 91.67% (Figure 6E).
Notably, when all three axes (X, Y, Z) were combined,
classification accuracy reached 95.83% (Figure 6F,G),
surpassing single‐axis recognition by 21.7%.

The flexible multidimensional sensors developed in
this work enable use in both the robustness and precision
of motion classification. By combining multidimensional
mechanical sensing with deep learning algorithms, the
proposed sensor system provides a powerful platform for
high‐accuracy motion pattern recognition. It holds strong
potential for applications in personalized exercise
coaching and injury prevention strategies.

4 | CONCLUSIONS

In summary, this study presents a structurally simple yet
functionally 3D flexible sensor for multidimensional
strain detection. Through TPU:PEO electrospinning

F I GURE 6 Motion pattern recognition: (A) conceptual diagram of the motion pattern recognition system, (B–F) confusion matrices
showing classification results for motion pattern recognition using single‐axis (X, Y, Z), dual‐axis (XY), and triaxial (XYZ) inputs,
respectively, (G) accuracy over 50 training epochs when using different axis signals.
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combined with graphene impregnation, aligned fibrous
conductive layers were fabricated, exhibiting high sensi-
tivity and excellent directional selectivity. The 3D sensor
achieves GF of 293.2 (X‐axis) and 288.4 (Y‐axis), with an
excellent directional selectivity of 6.15. It demonstrates
robust cycling stability over 5500 mechanical cycles. The
orthogonal stacking architecture enables effective
decoupling of in‐plane X‐ and Y‐axis strain signals. By
integrating a capacitive sensing mechanism, the device
extends functionality to Z‐axis pressure detection, with a
measurement range exceeding 200 kPa and a response
time as fast as 226 ms, enabling synchronous and 3D
mechanical monitoring. These attributes collectively po-
sition the novel orthogonally stacked flexible sensor as a
promising candidate for next‐generation wearable elec-
tronics, human–machine interfaces, and intelligent ro-
botic systems requiring precise, real‐time, and
multidirectional mechanical perception.
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