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ARTICLE INFO ABSTRACT

Keywords: Flexible self-adhesive wearable strain sensors have attracted significant attention for their ability to conform
Wearable sensor closely to human skin and accurately capture physiological signals. However, many existing designs struggle to
Self-adhesion balance sensing performance with essential comfort-related features such as breathability, waterproofness, and
Breathable s . . . ) . .
Controllable adhesion on-demand removability. This paper reports a hierarchically structured nanofiber-network strain sensor fabri-
Electrospinning cated via electrospinning, integrating three layers: a sensing layer, a spacer layer, and an adhesive layer. The all-

fiber architecture provides excellent flexibility, stretchability, and environmental adaptability, which can closely
mimick the mechanical properties of human skin. The sensing layer is composed of multi-walled carbon nano-
tubes/carbon black/thermoplastic polyurethane (MWCNT/CB/TPU), which can exhibit high sensitivity, line-
arity, rapid response time (130 ms), and excellent cycling stability (2,000 cycles). The adhesive layer, made of
electrospun poly(N,N-dimethylacrylamide, PDMA) nanofibers, forms a strong interface with the skin through
hydrogen bonding and van der Waals interactions, maintaining adhesion even in humid conditions. Incorpo-
rating phase-change monomers such as octadecyl acrylate and lauryl acrylate yields a melting point of ~38.1 °C,
enabling reversible, temperature-triggered detachment. This work addresses the challenge of combining high
performance with comfort, representing a paradigm shift in wearable sensing by enabling imperceptible moni-
toring and broadening applications in personal healthcare and interactive electronics.

1. Introduction sensor displacement or detachment [24,25]. More importantly, perspi-

ration during physical activity significantly substantially reduces inter-

With the rapid advancement of flexible electronics, flexible strain
sensors have shown great potential in wearable applications such as
health monitoring [1-3], motion detection [4-6], and human machine
interaction [7-9] owing to their outstanding mechanical flexibility and
high sensitivity [10-12]. Previous studies have demonstrated that
achieving conformal contact between the sensor and the skin is essential
for ensuring accurate motion detection [13-15]. However, conventional
flexible sensors typically rely on external fixation methods (e.g., adhe-
sive tapes or bandages) to attach to the body, which leads to several
limitations [16-18]. First, human skin exhibits unique microscopic
topographical features and dynamic deformations [19-21], with a
maximum strain of up to 55 % [22,23], making it difficult for traditional
fixation approaches to maintain stable and intimate contact. Second,
joint movements generate complex mechanical forces that may lead to

facial adhesion, thereby compromising the reliability of signal
acquisition [26,27]. To address these challenges, the next generation of
flexible sensors are expected to integrate self-adhesion, breathability,
water resistance, and tunable adhesion properties. These features not
only ensure stable conformal contact but also enable long-term and
continuous wearability, thus providing a solid foundation for the prac-
tical implementation of wearable devices.

Most existing strain sensors are fabricated by integrating polymeric
elastomers with conductive materials, and their self-adhesion, breath-
ability, and water resistance largely depend on the properties of the
selected elastomer [28-31]. Hydrogels, owing to their excellent me-
chanical flexibility and intrinsic adhesive properties, have been
considered ideal candidates for self-adhesive sensor substrates
[17,32-35]. Although strategies such as dynamic covalent bond
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engineering, modulation of intermolecular interactions, and polymer
chain modification have enabled tunable adhesion and enhanced sta-
bility under complex conditions, hydrogels still suffer from a funda-
mental limitation [36,37]. Specifically, repeated operation leads to
water loss, resulting in performance degradation and severely limiting
long-term stability [38-40]. Therefore, the development of new elasto-
meric systems with improved mechanical robustness, environmental
stability, and controllable adhesion remains a key research focus in the
field of flexible sensor technology.

Electrospinning is an efficient technique for fabricating micro/
nanofiber structures. It enables the production of nonwoven elastomeric
membranes with three-dimensional porous networks similar to those
found in hydrogels [41-44]. This unique fibrous architecture not only
provides continuous channels for moisture and air transport but also
replicates the multilayer collagen fiber weave of human skin [45-47],
thereby imparting inherent waterproofness, breathability, and me-
chanical adaptability to strain sensors [48-50]. The integration of
hydrogel adhesives with electrospinning technology thus offers a
promising strategy to overcome the intrinsic limitations of conventional
hydrogels, particularly the degradation in performance caused by water
loss during prolonged use [51-54]. This approach paves the way for
developing next-generation flexible strain sensors tailored for wearable
applications. At present, most hydrogel-electrospun composites are
fabricated via spray-coating techniques, where the hydrogel adhesive is
applied onto electrospun membranes [55]. However, this approach
clogs the nanofiber network, compromising its inherent porosity and air
permeability [56]. Moreover, the strong interfacial adhesion of hydrogel
adhesives may cause skin irritation or even injury during detachment,
undermining both safety and comfort. Therefore, a key challenge in this
field is to design new material systems and structural architectures that
combine the functional advantages of hydrogels with the porous fea-
tures of electrospun networks. Such strategies are essential for devel-
oping skin-friendly, breathable, and reversibly adhesive elastomers
suited for long-term wearable applications.

In this study, we developed a self-adhesive flexible strain sensor with
a hierarchical fibrous network structure, consisting of a sensing layer, a
spacer layer, and an adhesive layer, fabricated via electrospinning.
Benefiting from its all-fiber architecture, the sensor exhibits excellent
waterproof performance (contact angle of 107°), breathability (0.06
kPa-S/m), and mechanical adaptability, which significantly enhances
long-term adhesion stability (over 3 days) and wearing comfort. To
achieve thermally tunable adhesion, phase-change monomers (octa-
decyl acrylate and lauryl acrylate) were incorporated into the adhesive
layer. Through molecular chain engineering, the phase transition tem-
perature was precisely tailored to 38.1 °C, enabling on-demand,
nondestructive detachment near skin temperature and minimizing irri-
tation during repeated use. The optimized interface exhibits a robust
adhesion strength of up to 118 N/m on human skin, facilitating reliable
acquisition of complex biomechanical signals such as joint motion.
Coupled with a convolutional neural network (CNN) model, the sensor
demonstrates high-accuracy classification (training accuracy of 92.2 %)
of multiple joint movement patterns. Furthermore, integration with a
printed circuit board (PCB) enables real-time mapping of body motion to
virtual control commands, showcasing its potential for interactive
human-machine interfaces. This work introduces a multifunctional
fibrous sensing platform that bridges high-performance strain sensing
with tunable adhesion and wearing comfort. The synergistic design
strategy provides a promising route toward next-generation wearable
electronics for applications in smart healthcare and immersive virtual
environments.

2. Experimental procedure
2.1. Materials

Thermoplastic polyurethane (TPU, C180A) was purchased from
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BASF, China. N, N-dimethylacrylamide (DMAA), tetrahydrofuran (THF),
2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenon, dimethyl
formamide (DMF) and ethyl acetate (EA) were purchased from Aladdin,
Shanghai, China. Carbon black (CB, K90) was purchased from Rhawn,
Shanghai, China. Multi-walled carbon nanotubes (MWCNTs, length
3-12 pm, diameter 3-5 nm) and lauryl methacrylate were purchased
from Macklin, Beijing, China. Octadecyl acrylate was purchased from
RHAWN, Shanghai, China.

2.2. Preparation of flexible sensor

2.2.1. Fabrication of TPU nonwoven textiles

The TPU nonwoven textiles were fabricated by an electrospinning
equipment (Model TEADFS-700, Beijing Xinrui Baina Technology Co.,
LTD). Firstly, TPU solution with a concentration of 15 wt% was prepared
by dissolving a specific amount of TPU particles into DMF/THF mixture
solution with a volume ratio of 1:1 under stirring for 12 h at room
temperature (as shown in figure S1). Then, the obtained TPU solution
was transferred to a disposable syringe (needle: 19G) with a capacity of
10 mL and simultaneously electrospun on a conductive aluminum foil.
The electrospinning parameters were set as follows: a voltage of 20 kV,
the syringe propulsion rate at 0.02 mL/min, the distance between the
syringe needle and the collecting roller at 15 cm, the rolling speed of
receiver was 100 rpm, the ambient temperature at 26 °C, the humidity at
45 % RH and spinning duration for 4 h.

2.2.2. Preparation of MWCNT/CB/TPU textile-based sensor

Typically, 0.25 g MWCNT and various amounts of CB were respec-
tively added into 50 mL deionized water. MWCNT/CB hybrid disper-
sions with CB concentrations of 1, 2, 3, 4, and 5 mg/mL were obtained
via probe sonication (360 W, intermittent mode) for 1 h in an ice bath.
After that, electrospun TPU nonwoven textiles with an average thickness
of 100 pm was cut into pieces with the size of 60 x 60 mm?, which were
then immersed in the above MWCNT/CB dispersion for 30 min in the
ultrasonic bath for the assembly of CB/CNT hybrids. Finally, the wet
nonwoven textiles were vacuum dried at 60 °C for 6 h, and TPU elec-
trospun on the dried nonwoven textiles for 1 h (The electrospinning
parameters are shown in 2.2.1).

2.2.3. Preparation of self-adhesive layer

The PDMA solution was prepared by mixing EA, DMAA, octadecyl
acrylate, lauryl methacrylate, 2-hydroxy-4‘-(2-hydroxyethoxy)-2-meth-
ylpropiophenon was stirred under 365 nm UV lamp for 12 h with the
solid content ratio of 25: 24:38:17:1(as shown in Fig. S1). Then, the
obtained PDMA solution was transferred to a disposable syringe (needle:
19G) with a capacity of 10 mL and electrospun on TPU/MWCNT/CB
sensing layer TPU surface (prepared in section 2.2.2) for 1 h at the same
time. After electrospinning of PDMA layer and drying in the oven at
50°C, the flexible sensor was prepared.

2.3. Characterizations and measurements

2.3.1. Morphological and structural characterization

The morphology of TPU nonwoven textiles and self-adhesive layer
was observed by a high resolution scanning electron microscope (SEM,
FEI APREO S) with an acceleration voltage of 15 kV. The surface of the
sample was sputtered with platinum gold before SEM observation. The
element distribution of TPU nonwoven textiles and self-adhesive layer
was observed by energy dispersive spectrometer (EDS, 550i). The
morphology and surface roughness of self-adhesive layer were measured
by atomic force microscopy (AFM). The contact angle between water
and sweat and the self-adhesive layer was measured by video optical
contact Angle (DSA25). The melting and crystallization temperature of
the self-adhesive layer were measured by differential scanning calo-
rimetry (DSC) at a heating rate of 5 °C/min, with a temperature range
from 0 °C to 50 °C.
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2.3.2. Adhesive force test of self-adhesive sensor

The adhesive force of the self-adhesive sensor was tested by a flexible
multimodal testing system. Firstly, Placed the customized PTFE, glass,
metal, and silicone plates on a heating stage, and maintain them at a
constant temperature of 50 °C. Then, cut the self-adhesive sensor into a
small sheet of 100 x 10 mm? and press the self-adhesive layer on a
heated PTFE plate (contact area of 10 x 10 mm?) until cooled to room
temperature. After that, the clamp of the flexible multimodal test system
clamped the sensor and PTFE plate respectively and performed hori-
zontal and vertical adhesion tests at a shear speed of 20 mm/min.
Finally, the adhesive force was tested by spraying artificial sweat on a
PTFE plate heated to 50 °C. Similar methods were used to test the
adhesion of self-adhesive sensors on Glass, Metal and silicone plates.

2.3.3. Air permeability test of self-adhesive sensor

The permeability of the self-adhesive sensor was tested by an auto-
matic air-permeability tester. Air permeability is indicated by the air
resistance value (Ry), the smaller the R, value, the better the air
permeability. R, is obtained by pressure/rate of air flow as electrical
resistance calculation while this tester has constant rate of air flow and
pressure has linear relation with Ra, Ra is calculated from pressure
difference.

R, = AP/V

In the above equation, AP represents the pressure difference (Pa), V
represents rate of air flow per unit area(m®/m?.S).

2.3.4. Sensing performance test of self-adhesive sensors

The sensing performance of the self-adhesive sensor was tested by a
high-precision source meter and a flexible multimodal test system. First,
the clamp of the flexible multimodal test system was used to clamp both
ends of the sensor and perform stress-strain tests at a tensile rate of 20
mm/min. Secondly, the 5 cycles tensile tests with strain range of 1-100
% were conducted to test the working range of self-adhesive sensor.
Meanwhile different strains from 1 % to 100 % were applied and the
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relative resistance was recorded using a high precision original meter.
Finally, the 2000 cycles of tensile tests with 20 % strain were conducted
to test the durability of self-adhesive sensor. In terms of human-
—computer interaction, the sensor was heated to 50 °C using a heating
table, and then the self-adhesive layer was pressed on the skin until it
cooled to room temperature. Then collected the signals of fingers and
knees under different movements and transmitted them to the computer
through the PCB board. Finally, the control of the game character was
achieved by determining whether the signal exceeds the threshold.
Testing the wearables was carried out with the assistance of a human
participant volunteer (an author of this article), and informed written
consent was obtained from the participant.

3. Results and discussion
3.1. Preparation and characterization of sensors

The self-adhesive flexible sensor is constructed using a tri-layer
electrospun membrane architecture, consisting of a sensing layer, a
spacer layer, and an adhesive layer (Fig. 1a). The fabrication process is
as follows: Firstly, the electrospun TPU film (detailed in Fig. S1) was
immersed in MWCNT/CB dispersion solution, and the sensor layer was
formed after ultrasonic stirring and drying. Subsequently, short time
TPU electrospinning was performed on either side of the sensing layer to
prepar the spacer layer. Finally, a copolymer (PDMA) solution of DMAA,
octadecyl acrylate, lauryl methacrylate and 2-hydroxy-4 ’-(2-hydroxy-
ethoxy) —2-methylphenylacetone (detailed in Fig. S1) was electrospun
onto the spacer layer to form the adhesive layer. To evaluate the
biocompatibility of the sensor, mouse embryonic fibroblasts (MEFs)
were cultured in a solution containing PDMA for 24 h and the cell ac-
tivity was analyzed. The results demonstrated that PDMA had excellent
biocompatibility biocompatibility [39,56]. Meanwhile, octadecyl acry-
late and lauryl methacrylate in PDMA give the adhesive layer excellent
waterproof performance, consequently the sensor retains performance
in wet environment. In addition, octadecyl acrylate in PDMA crystallizes

Conductive material \
solution

500ml

Fig. 1. a) Schematic illustration of the preparation procedures of self-adhesive flexible sensor. b) Schematic illustration of the sensor’s applications in human motion

detection and game controller.
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at room temperature and meltes when the temperature rose to a certain
threshold, which enabled the adhesive layer to be stripped without
damage through temperature control. The all-fiber structure film con-
structed by electrospinning technology also provides good air perme-
ability for the sensor, ensuring long-term wearing comfort. Based on the
above characteristics, the self-adhesive flexible sensor prepared can
stably adhere to the skin surface for a long time and maintain conformal
contact with the skin, thus accurately collecting human movement sig-
nals (Fig. 1b). The acquired signals not only reflect the motion states of
human joints but can also be transmitted to a computer via a PCB,
enabling motion-to-game mapping (Fig. 1b).

The self-adhesive sensor developed in this study consists of a sensing
layer, a spacer layer, and an adhesive layer, with corresponding pho-
tographs and cross-sectional microstructures shown in Fig. S2 and
Fig. 2a, respectively. The sensing layer was fabricated via an ultrasonic
dip-coating process, in which the conductive MWCNT/CB composite
was uniformly integrated with the three-dimensional porous TPU
fibrous film (Fig. 2b). From the SEM image of the sensing layer (Fig. 2c),
it can be observed that the MWCNT/CB composite is uniformly and
densely coated on the surface of the TPU fibers. Meanwhile, the
microporous structure of the TPU membrane is largely preserved, with
only negligible blockage and aggregation phenomena observed. High-

might Sensor
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magnification SEM imaging (Fig. 2c) reveals that the MWCNT/CB
composite forms a uniform and continuous conductive network on the
surface of the TPU fibers. The sensing mechanism of this layer can thus
be described as follows: upon external tensile loading, the TPU fibrous
matrix undergoes deformation, inducing reversible structural changes in
the surface-bound MWCNT/CB network, which in turn corresponding
variations in electrical resistance. Notably, during stretching, CB parti-
cles serve as dynamic bridging points between adjacent MWCNTs (as
shown in Fig. S3). This unique “point-to-line” hybrid conductive archi-
tecture not only preserves the integrity of the conductive pathways but
also significantly broadens the working strain range of the sensor.

The spacer layer is also fabricated from TPU fibrous film, whose
three-dimensional network structure ensures the sensor’s breathability.
The adhesive layer is fabricated by electrospinning PDMA material onto
the surface of the spacer layer, forming a beaded three-dimensional
network structure (Fig. 2d). This unique morphology results from the
high surface tension and low viscosity characteristics of the PDMA and
EA solution. To confirm the presence of PDMA, elemental (C, N, O)
energy-dispersive X-ray spectroscopy (EDS) analysis was performed on
both the spacer and adhesive layers. As shown in Fig. 2e, Figures I and III
present the SEM images of the spacer and adhesive layers, respectively,
while Figures II and IV display their N element distribution (The

i @
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20 25 30 35 B 45

Temperature (°C)

2

Fig. 2. Material structure and performance characterization of the self-adhesive flexible sensor. SEM image of a) the sensor cross section, b) the distribution of TPU
fibers in the sensing layer, c) the microstructure of the TPU/MWCNT/CB composite fibers in the sensing layer, d) the fiber structure in the adhesive layer. e) SEM
images of the spacer and adhesive layers (I and III) with corresponding EDS elemental analysis (I and IV). f) Hydrophobicity test of the adhesive layer. g) Surface
roughness measurement of the adhesive layer—2D planar view and h) 3D planar view. i) DSC scan of the adhesive layer.
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elemental distributions of C and O are presented in Fig. S4). Due to the
significantly higher nitrogen content in PDMA compared to TPU, the
brightness of Figure IV is notably higher than that of Figure II. Addi-
tionally, the presence of stearyl methacrylate and lauryl methacrylate in
PDMA imparts hydrophobic properties, with a water contact angle
reaching 107.2° (Fig. 2f). The electrospun PDMA network structure also
allows for the free diffusion of moisture from both the skin and the
environment through the pores, ensuring excellent adhesion in humid
conditions while maintaining breathability. To ensure intimate contact
between the sensor and the skin, this work tested the surface roughness
of the adhesive layer. The results indicatethat the sensor surface is

& Peeling forcex

force
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smooth and uniform (Fig. 2g and h), which aids in the uniform distri-
bution of force during stretching, thus enabling more accurate reflection
of human motion. Then, to achieve secure adhesion and controlled
detachment, the melting temperature of the PDMA adhesive layer was
carefully regulated. Studies indicate that the melting temperature of
PDMA is primarily controlled by the stearyl methacrylate content, with
the formulation optimized to adjust the melting temperature to 38.1 °C
or higher (Fig. 2i). When the temperature exceeds the melting point,
PDMA partially melts and penetrates the skin surface; after cooling and
solidifying, it provides strong adhesion. Therefore, to ensure reliable
use, the melting temperature of PDMA should be higher than body
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Fig. 3. a) Force analysis diagram of the self-adhesive flexible sensor on a bent finger joint. The sensor subjected to b) horizontal shear force and c) vertical peel
adhesion force on the skin. Adhesion performance tests of the sensor on various substrates (PTFE, Glass, Metal, and Cardboard). Horizontal shear force of the sensor
on each substrate under d) dry and e) humid conditions, respectively. f) Comparison of the horizontal shear force between 3 M tape and the sensor on each substrate.
Peel adhesion force of the sensor on each substrate under g) dry and h) humid conditions, respectively. i) Comparison of the peel adhesion force between 3 M tape
and the sensor on each substrate. j) Adhesion strength of the sensor on the PTFE substrate after 10 cyclic test and k) 3-day cycle test on the PTFE substrate. 1)

Adhesion test of sensor on PTFE substrate at 50 °C.
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temperature, while the crystallization temperature should be below
body temperature. Finally, the intermediate layer successfully achieves
physical separation between the adhesive and sensing layers, effectively
preventing the melted PDMA from infiltrating the sensing layer and
compromising the sensor’s performance.

3.2. Self-adhesive properties

When applied to human joints (e.g., fingers), the sensor inevitably
experiences frictional forces and normal pressure from the skin, which
may cause relative displacement between the sensor and the skin. For
analytical convenience, these forces can be simplified into shear force in
the horizontal direction and peel force in the vertical direction, as
illustrated in Fig. 3a. Additionally, the sensor may be exposed to humid
environments, such as perspiration or external moisture. In daily life,
sweat and other secretions increase skin surface humidity, thereby
affecting the adhesion performance of the sensor. To comprehensively
evaluate its adhesive performance, both shear force (Fig. 3b) and peel
force (Fig. 3c) were measured under dry and wet conditions. For adhe-
sion testing, PTFE, glass, metal, and cardboard were selected as sub-
strates, and a self-adhesive sensor with dimensions of 100 x 10 mm? was
used. The shear force testing procedure was as follows: first, each sub-
strate was heated to 50 °C using a temperature-controlled heating stage.
The adhesive layer of the sensor was then attached to the substrate
(contact area: 10 x 10 mm?), followed by continued heating for a
specified period before turning off the power. After the substrate and
sensor cooled to room temperature, shear force testing was conducted
under both dry and humid conditions using a flexible electronic multi-
modal testing system (Shear force test diagram as shown in Fig. S5a).
Results are presented in Fig. 3d and 3e. Under dry conditions, the shear
forces of the sensor on PTFE, glass, metal, and cardboard substrates were
736.84, 829.36, 1305.42 and 1916.72 N/m, respectively. Under humid
conditions, these values were reduced to 256.16, 547.76, 849.36 and
922.38 N/m, respectively. To further assess performance, the shear
force of commercial 3 M adhesive tape on these substrates was also
measured (Fig. S5b). As shown in Fig. 3f, the shear force of the self-
adhesive sensor was approximately twice that of 3 M tape under dry
conditions, whereas under wet conditions, the two exhibited compara-
ble performance.

The peel adhesion testing method was similar to that of shear force
testing, with the primary difference being that the direction of the
applied force was changed from horizontal to vertical (as shown in
Fig. S6a). The test results, presented in Fig. 3g and 3 h, revealed that in
the dry environment, the peel adhesion forces for the sensor on each
substrate were 144.90, 193.40, 252.84 and 337.48 N/m, respectively. In
the wet environment, the peel adhesion forces were 78.22, 122.27,
144.40 and 153.22 N/m. For comparison, the peel adhesion of com-
mercial 3 M adhesive tape was also measured on the same substrates
(Fig. S6b). As shown in Fig. 3i, under both dry and wet conditions, the
peel adhesion force of the sensor was significantly greater than that of
the commercial 3 M tape. To evaluate the adhesion stability of the
sensor, a 10-cycle test was conducted on the sensor adhered to a PTFE
substrate. As shown in Fig. 3k, the adhesion strength exhibited minimal
variation across cycles (data fluctuation of less than 2.9 %), indicating
excellent cyclic stability. In addition, the long-term adhesion perfor-
mance was assessed by measuring the peel strength after the sensor was
attached to the PTFE substrate for different durations. Even after 3 days,
the adhesion remained stable, with deviations of less than 2.7 % (as
shown in Fig. 3J), demonstrating the sensor’s reliability for prolonged
use. Finally, to evaluate the effect of temperature on the adhesive per-
formance of the sensor, tests were conducted at 50 °C. As shown in
Fig. 3], the sensor exhibited a shear force of 36.71 N/m and a peel force
0f 19.51 N/m at this temperature—both markedly lower than the values
measured at room temperature. This result confirms that temperature
modulation enables controllable detachment of the sensor, offering a
reliable strategy for on-demand removal in practical applications.
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Analysis of the experimental data reveals that the adhesive strength
of the sensor varies across different substrates. This variation arises
because the adhesive performance of PDMA primarily depends on van
der Waals interactions between its side chains (octadecyl acrylate and
lauryl methacrylate) and the substrate surfaces[39]. As discussed in
Section 3.1, when the temperature exceeds 38.1 °C, PDMA enters a
molten state. Therefore, when both the substrate and sensor are heated
to 50 °C, the sensor’s adhesive layer softens, forming conformal contact
with the substrate surface. The rougher the substrate surface, the greater
the contact area between the sensor and substrate, resulting in stronger
van der Waals forces and a significant increase in shear and peel adhe-
sion forces. However, environmental humidity adversely affects adhe-
sion performance. Moisture adsorption on the substrate surface reduces
the effective contact area between the sensor and substrate, thereby
weakening interfacial adhesion. In addition, prolonged exposure to
elevated temperatures compromises adhesion by intensifying the ther-
mal motion of PDMA molecular chains, which disrupts intermolecular
interactions and significantly attenuates van der Waals forces. To ach-
ieve optimal adhesion, a temperature-regulated bonding protocol is
recommended: heat the substrate above the melting point of PDMA
(>38.1 °C) to promote softening and intimate contact, followed by
controlled cooling to stabilize intermolecular interactions. This
approach facilitates the formation of a robust adhesive interface be-
tween PDMA and the substrate, ultimately enhancing the sensor
performance.

The adhesive performance of the sensor depends not only on sub-
strate contact area but also on its intrinsic properties. Research has
shown that, when calculating the horizontal shear force of a viscoelastic
object, a critical shear force (F¢) exists, expressed as follows[57]:

AE
Fe \/Ge <

Where G¢ represents the energy per unit area of contact between the
sensor and substrate at the critical strain, depending on the geometry
and material properties; A is the contact area between the sensor and
substrate; E is the elastic modulus of the sensor; and C is the elastic
potential energy storage capacity. Under identical substrate conditions,
A, C, and G¢ remain constant, so the critical shear force is primarily
positively correlated with the sensor’s elastic modulus E. To evaluate
this relationship, a series of self-adhesive sensors were produced by
electrospinning PDMA for varying durations on identical sensing and
spacer layers, their E values were measured, and shear force tests were
conducted on PTFE substrates. The results indicated that as the spinning
time increased, the elastic modulus of the sensor significantly increased,
and the shear force also correspondingly increased (Fig. S7). This finding
further confirms the positive correlation between the sensor’s adhesion
performance and its elastic modulus.

The sensing layer, spacer layer, and adhesive layer of the self-
adhesive sensor were all fabricated using electrospinning, forming a
three-dimensional network structure, as shown in Fig. 2a-c. This ar-
chitecture creates numerous interconnected channels within the sensor,
ensuring adequate airflow and thereby imparting excellent breath-
ability. To evaluate its air permeability, this study measured the air
resistance (R,) of TPU nonwoven elastomers, individual sensor layers,
and the fully assembled sensor, and compared with with commercial
fabrics. As illustrated in Fig. S8, R, progressively increased with sensor
fabrication, leading to decreased breathability. This phenomenon can be
attributed to the partial blockage of channels by conductive materials in
the sensing layer, as well as the reduced number of channels due to
interlayer contact. Further analysis indicates that the sensor’s breath-
ability falls between that of purple elastic fabric and commercial single-
layer knitted fabric, demonstrating superior air permeability sufficient
for commercialization.
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3.3. Sensing performance

Reliable mechanical performance is a crucial factor for the practical
application of flexible sensors, as it directly affects their stability and
operational lifespan [58-60]. Thermoplastic polyurethane (TPU), a
block copolymer, comprises alternating hard and soft segments. The
hard segments, typically consisting of isocyanates and chain extenders,
impart rigidity and strength, while the soft segments, derived from
polyester or polyether polyols, provide excellent elasticity and flexibility
[61-63]. This unique molecular architecture enables TPU to dissipate
stress effectively during tensile deformation, thereby exhibiting superior
mechanical properties [64-66]. Accordingly, electrospun TPU
nonwoven fabric was employed as the elastic substrate for the self-
adhesive flexible sensor. As illustrated in Fig. 4a, the TPU nonwoven
fabric exhibits a maximum tensile strain of approximately 382 %, a
tensile strength of 1660.05 kPa, a toughness of 4524.09 kJ/m3, and a
Young’s modulus of 434.56 kPa. In comparison, the sensing layer
demonstrates a similar maximum tensile strain of 385 %, yet with a
higher tensile strength of 1937.16 kPa, a toughness of 5278.11 kJ/m3,
and a Young’s modulus of 503.15 kPa. Despite comparable strain limits,
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notable differences in other mechanical properties are observed. This
discrepancy is primarily attributed to the conductive network formed by
MWCNT/CB on the TPU fiber surface, which enhances the mechanical
properties of the nonwoven fabric, whereas the intrinsic rigidity of
MWCNT has a negligible effect on maximum tensile strain. Further
electrospinning of spacer and adhesive layers onto the sensing layer
results in a substantial improvement in mechanical performance. The
fully assembled sensor exhibits a maximum tensile strain of approxi-
mately 547 %, a tensile strength of 2267.10 kPa, a toughness of 7017.85
kJ/m3, and a Young’s modulus of 414.46 kPa. This enhancement is
primarily due to extensive hydrogen bonding interactions within the
PDMS-based adhesive layer, which strengthen intermolecular forces in
TPU, thereby increasing tensile strength, toughness, and Young’s
modulus. Such a structural design not only optimizes the mechanical
properties of the sensor but also ensures stable operation in complex
environments. To ensure long-term operational stability the strain
sensor must possess high toughness and resilience. As shown in Fig. 4b,
cyclic tensile tests were conducted within a 0 to 100 % strain range for
five cycles. The results indicate that even after five cycles at 100 %
strain, the sensor exhibits minimal hysteresis and maintains stable
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Fig. 4. a) Stress-strain curves of TPU elastomer, sensing layer, and self-adhesive sensor. b) Five-cycle stretching curve of the sensor within the 0 to 100 % strain
range. c) Relationship between the sensor’s AR/Rq and gauge factor (GF) with strain. d) Strain curve and e) Variation curve of AR/R, with strain of the sensor in the
0 to 100 % strain range. f) AR/Rg variation curve of the sensor at different stretching rates within the 20 % strain range. g) Response and recovery time of the sensor.

h) 2000-cycle stretching test of the sensor at 20 % strain.



X. Wang et al.

performance. Given that human motion typically induces a maximum
strain of approximately 55 % [22], the fabricated sensor fully meets the
tensile performance requirements for human motion monitoring.

The sensing performance of the sensor relies on the conductive
network formed by MWCNT/CB on TPU fibers. During tensile defor-
mation, the relative resistance change (AR/Rg, where AR is the resis-
tance variation and Ry is the initial resistanc) and sensitivity (gauge
factor, GF) serve as key performance indicators. Based on preliminary
studies, sensors with MWCNT concentrations ranging from 1 to 5 mg/
mL were fabricated and subjected to resistance measurements, ulti-
mately identifying 5 mg/mL as the optimal composition (Fig. S9a).
However, due to the inherent rigidity of MWCNTSs, their conductive
network is prone to rupture under strain, leading to resistance values
exceeding the measurable range (Fig. S9b). To enhance the stretch-
ability of the conductive network, CB was introduced as interconnection
points within the MWCNT framework. Sensors were fabricated by
incorporating 1 to 5 mg/mL of CB into a 5 mg/mL MWCNT solution,
followed by strain sensing tests in the 0 to100% strain range. The results
indicate that when the CB content is 5 mg/mL, the sensor exhibits the
highest sensitivity (Fig. S10a-e). Consequently, 5 mg/mL MWCNT/CB
was selected as the conductive material for sensor fabrication.

A series of performance evaluations were conducted, including
relative resistance variation, sensitivity, response time, and cyclic sta-
bility. As shown in Fig. 4c, the sensor exhibits a pronounced linear
relationship between strain, relative resistance change, and sensitivity
within the strain range of less than 100 % (Fig. S10f). This linearity
arises from the fact that, within this range, deformation is primarily
accommodated by the three-dimensional network of the TPU elastomer,
with only minimal deformation occurring in the TPU fibers. In cyclic
tensile tests conducted within the 0 to 100 % strain range, the peak
resistance variation aligns synchronously with strain, demonstrating a
stable and reliable response to complex stimuli (Fig. 4d and e). Addi-
tionally, under different stretching rates (10 to 40 mm/min), the sensor
maintains stable peak resistance variations without noticeable electro-
mechanical hysteresis (Fig. 4f). Benefiting from the fibrous structure and
the excellent elasticity of TPU fibers, the response time of the sensor to
strain variations is approximately 130 ms (Fig. 4g). Furthermore, after
2000 cycles at 20 % strain, no significant change in relative resistance
variation was observed, indicating exceptional durability and repeat-
ability. When the strain exceeds 100 %, the resistance and sensitivity of
the sensor increase sharply (Fig. 4c). This phenomenon is attributed to
TPU fibers bearing more strain, leading to rupture of the MWCNT/CB
network and a decrease in conductive pathways, which causes a sig-
nificant rise in resistance. In conclusion, the flexible strain sensor
developed in this study demonstrates outstanding mechanical proper-
ties, sensing performance, and stability, making it fully suitable for
human motion monitoring applications.

3.4. On-body experiment

During human signal acquisition, sensors were required to deliver
high sensing performance while avoiding material migration or leakage
in practical use. Furthermore, good biocompatibility was essential to
prevent skin irritation. As shown in Fig. S11 and Video S1, the developed
sensor exhibited no detectable leakage of functional materials under
experimental conditions and did not induce skin irritation upon contact,
confirming its reliable biosafety. To ensure accurate signal collection,
the sensor must adhere stably to the skin surface. Conversely, due to the
presence of fine wrinkles on the skin, shear forces along the horizontal
direction are significantly greater than peel forces along the vertical
direction. Consequently, the adhesive performance of the sensor on
human skin is primarily reflected in its resistance to vertical peeling.
Moreover, considering the wet environments encountered during
human activities (such as perspiration or external moisture) the sensor’s
adhesion under wet conditions is also critical. The self-adhesive sensor
developed in this study exhibits outstanding adhesion properties,
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effectively addressing these challenges. Fig. 5a—c and Video S2 illustrate
the actual adhesion performance of the sensor on both dry and moist
skin, clearly demonstrating its ability to effectively adhere to human
skin. To further evaluate its adhesive properties, a flexible multimodal
testing system was employed to measure and compare the vertical
peeling force of medical tape and the sensor on the skin (Fig. S12). The
results indicate that the peeling adhesion force of medical tape on dry
skin is approximately 122N/m (Fig. S13a), while that of the sensor is
around 118 N/m on dry skin and 48 N/m on wet skin (Fig. 5d). These
findings demonstrate that the sensor exhibits comparable adhesion to
medical tape, verifying its reliability for practical applications. More-
over, as discussed in Section 3.2, the sensor also possesses excellent
breathability, further enhancing its potential for wearable applications.
In this study, copper foil electrodes were integrated at both ends of
the sensor’s sensing layer and connected to a Keithley digital source
meter via conductive wiring for signal acquisition. By attaching the
sensor to different parts of the human body, real-time monitoring and
recognition of body movements can be achieved. The sensor’s high
Young’s modulus enables effective detection of large-scale joint move-
ments. For instance, when affixed to a volunteer’s index finger joint for
flexion monitoring (Fig. S12bI), the sensor’s relative resistance change
(AR/Rg) exhibits a corresponding variation with different bending an-
gles or fixed positions. As shown in Fig. Se, when the index finger bends
within the range of 0° to 90° (with a maximum bending angle of 90° for
the volunteer tested, due to personal flexibility differences), the sensor’s
AR/Ry value varies from 0 % to 416 % accordingly. At specific bending
angles of 10°, 20°, 40°, and 90°, AR/Ry stabilizes at 34 %, 71 %, 104 %,
and 416 %, respectively. Furthermore, during rapid cyclic bending at
fixed angles, the peak AR/R( values remain consistent with those
observed in static bending (Fig. 5f). Notably, due to the difficulty in
precisely controlling finger bending angles and the presence of minor
tremors, the sensor’s signal curve exhibits slight jagged fluctuations,
distinguishing it from the stable signals observed in mechanical tensile
tests. Moreover, the sensor can be attached to joints such as the wrist,
elbow, and knee to monitor joint movements(Fig. S13bILIII and IV). As
shown, the sensor is capable of accurately distinguishing between
various wrist joint bending angles (Fig. S13c) as well as detecting rapid
cyclic bending at fixed elbow angles (Fig. 5g). In addition to measuring
joint bending angles, the sensor is also capable of identifying movement
frequency. Fig. 5h and 5i present the sensor response signals for rapid
and slow bending of the wrist and knee, demonstrating that the AR/Rg
peak values remain consistent at the same bending angle, with varia-
tions only in peak width. These results confirm the sensor’s stable and
repeatable response to joint motion, enabling effective detection of
intense human activities. More importantly, the sensor can accurately
determine the bending frequency of the wrist and knee by counting the
number of response peaks over time and distinguish specific joints based
on peak shape. These capabilities highlight the sensor’s potential for
applications in smart wearable devices for personal care and healthcare
services, particularly for the elderly and individuals with disabilities.
To promote the widespread application of flexible sensors in human
motion monitoring, this study proposes a machine learning algorithm
based on a convolutional neural network (CNN), which was designed to
process and recognize human motion signal data. The experimental
process was as follows: initially, raw data corresponding to various joint
movements and bending angles were acquired and preprocessed
(Fig. 6a). The dataset was then partitioned into training (80 %) and
testing (20 %) sets (Fig. 6b). Finally, a CNN classification algorithm was
employed for model training and evaluation, with recognition accuracy
assessed via a confusion matrix. In the first experiment motion data
corresponding to nine distinct finger bending angles (10° ~ 90°) were
collected, with 200 samples per angle. As shown in Fig. 6¢, the CNN
model achieves an accuracy of 98.8 % in recognizing the nine bending
angles, primarily due to the distinct 10° intervals between them, which
result in clearly distinguishable data features. To further validate the
sensor’s applicability, data from five representative motions (elbow
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Fig. 5. a-c) The actual adhesion performance of the sensor on both dry (left) and wet (right) skin. d) Peel adhesion force tests of the sensor on dry and moist skin.
Electrical response of the sensor to varying e) bending angles and f) rapid cyclic bending at fixed angles of the index finger. g) Electrical response of the sensor to
rapid cyclic bending at a fixed angle of the elbow. Electrical response of the sensor to bending at different frequencies under a fixed angle of the h) wrist and i) knee.

bending, rapid/slow wrist bending, and rapid/slow knee bending) were
collected (200 samples per motion) for training. As shown in Fig. 6d, the
model achieves an overall recognition accuracy of 92.2 %. While the
classification of different joint movements is highly accurate, there re-
mains room for improvement in distinguishing between different
movement frequencies. Increasing the training dataset is expected to
further enhance the model’s predictive performance. These findings
underscore the significant potential of the proposed sensor for human
motion monitoring applications.

With the evolving lifestyle of modern society, obesity has become an
increasingly pressing issue, while traditional exercise routines often
suffer from monotony, making long-term adherence challenging. To
address this, thisstudy explores the potential application of the sensor in

human-computer interaction systems. As illustrated in Fig. 6e, a motion-
game interaction system was developed based on flexible sensors. The
sensor is connected to a PCB with signal processing capabilities, which
generates a 1 kHz, 5 V sinusoidal waveform applied to the sensor. When
the sensor deforms, resistance changes modulate the output voltage,
which is subsequently processed to control in-game actions (Fig. 6f). For
instance, when attached to both index fingers (Fig. 6g), the sensor can be
mapped to “jump” and “run” commands (Video S3); when affixed to the
knee, it enables real-time synchronization between actual running mo-
tions and in-game character movements, significantly enhancing exer-
cise engagement. In essence, the combination of human motion, flexible
sensors, and PCB hardware functions analogously to a game controller
(Fig. 68). The present system still requires further optimization in terms
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game controller.

of PCB durability and data transmission stability. Nevertheless, it has
already demonstrated the great potential of flexible sensors for
human-machine interaction. Compared with previously reported sensor
systems, the proposed sensor exhibited greater comprehensiveness
(Table S1). Therefore, with continued progress in system integration and
algorithm optimization, more practical and intelligent motion-assist
systems are expected to be developed in the future.

4. Conclusion

In summary, this study presents a self-adhesive flexible strain sensor
fabricated via electrospinning, which simultaneously achieves strain
sensing, self-adhesion on various substrates, breathability, and water-
proof performance. The three-dimensional fibrous network generated by
electrospinning imparts excellent breathability (0.06 kPa-S/m), com-
parable to commercial knitted fabrics. The PDMA adhesion layer ensures
robust adhesion through strong intermolecular van der Waals forces,
while the incorporation of poly (octadecyl acrylate) and poly (lauryl
acrylate) enables tunable melting temperatures for controlled adhesion
(strong adhesion at low temperatures and easy detachment at elevated
temperatures). Additionally, these modifications impart hydrophobicity
to the adhesive layer, ensuring stable adhesion even in humid
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environments (water contact angle: 107.2°). Comprehensive perfor-
mance assessments indicate that the sensor’s adhesion strength is posi-
tively correlated with the roughness and Young’s modulus of the contact
surface but negatively correlated with environmental humidity. Stabil-
ity tests indicate that after 10 adhesion-detachment cycles and three
days of adhesion on PTFE substrates, the adhesion strength fluctuations
are less than 2.9 %, demonstrating exceptional durability. Human trials
further confirm stable conformal contact, with peel adhesion forces of
118N/m and 48 N/m on dry and moist skin, respectively. Integrated
with terminal devices and machine learning algorithms, the sensor en-
ables accurate real-time motion recognition, achieving classification
accuracies of 98.8 % in recognizing joint movements and 92.2 % accu-
racy in joint identification. Finally, a simplified motion-to-game inter-
action system was developed by integrating the sensor with a PCB,
successfully mapping human motions to game control commands. These
findings not only advance the development of high-precision wearable
electronics but also pave the way for flexible sensors in applications such
as digital healthcare and virtual reality.
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