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With the accelerating advancement of wearable electronics, electronic skin (e-skin) has emerged as
a promising technology for applications in health monitoring, prosthetics, and human-machine
interfaces. Nonetheless, achieving simultaneous breathability, antibacterial properties, and high sensing
fidelity presents a formidable challenge. In this study, we report a multifunctional electronic skin (e-skin)
constructed from a modified Tecoflex (thermoplastic polyether-based polyurethane) electrospun
nanofiber membrane (T-eNFM), integrating breathability, antibacterial activity, and high-fidelity sensing
capabilities. The T-eNFM substrate promotes wearer comfort via its innate breathability while
simultaneously inhibiting bacterial colonization through robust antimicrobial functionality. A composite
of multi-walled carbon nanotubes (MWCNTSs) and silver paste (Ag powder) was printed onto T-eNFM-3

to form a conductive, mechanically compliant sensing layer. The fabricated strain sensor exhibited
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Accepted 28th September 2025 a gauge factor of 5.81, while the multilayer pressure sensor displayed a sensitivity of 2.83 kPa™%

rendering it ideally suited for monitoring cardiovascular physiological signals. This work outlines

DOI: 10.1039/d55c05696a a blueprint for next-generation electronic skin devices by addressing the critical challenges of comfort,
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Introduction

Electronic skin (e-skin) mimics the sensory functions of human
skin and has attracted considerable attention for its promise in
wearable healthcare, human-machine interaction and soft
robotics.' By integrating flexible substrates with multimodal
sensors, e-skin enables real-time monitoring of physiological
signals, tactile feedback and environmental cues, thereby
significantly expanding the capabilities of next-generation
intelligent devices.*® However, the sensitivity and long-term
operational stability of pressure and strain sensors integrated
on polyimide (PI) or polydimethylsiloxane (PDMS) flexible
substrates remain significantly constrained. Conventional
electronic skin platforms frequently face a trade-off between
sensitivity and user comfort, underscoring an urgent demand
for design strategies that reconcile high-performance sensing
with wearability.*” Moreover, most electronic skin materials are

“The Key Laboratory of Bioorganic Phosphorus Chemistry & Chemical Biology,
Department of Chemistry, Tsinghua University, Beijing, 100084, China. E-mail:
weiyen@tsinghua.edu.cn

*Suzhou Institute for Advanced Research, University of Science and Technology of
China, Suzhou 215123, China. E-mail: liuguojun@ustc.edu.cn

‘Macromolecular Science and Engineering, Case Western Reserve University,
Cleveland, OH 44106, USA. E-mail: jjj.2021@tsinghua.org.cn

School of Printing and Packaging Engineering, Beijing Institute of Graphic
Communication, Beijing 102600, China

20344 | Chem. Sci,, 2025, 16, 20344-20354

engineered to maximize sensing performance, often at the
expense of essential attributes such as antibacterial activity and
breathability.®® In skin-contact deployments, insufficient air
permeability and unchecked microbial colonization can
compromise both comfort and safety.'*** For example, during
prolonged health-monitoring, sweat and bacteria trapped
against a non-breathable e-skin interface may provoke skin
irritation or infection, thereby undermining the reliability of
continuous measurements.’>'* Addressing these shortcomings
requires the design of e-skins that seamlessly integrate anti-
bacterial efficacy, enhanced breathability and robust, high-
fidelity sensing within a single, cohesive architecture.*>*®
Electrospun nanofibrous membranes (eNFM), characterized
by their high surface area, tunable porosity, flexibility, and
ability to conform to complex curved surfaces, provide a versa-
tile platform for applications in wearable sensors.”*® Their
nanoscale fiber diameters, interconnected pore networks and
modifiable surface chemistry have drawn intense interest in the
field of wearable, flexible sensing.”>** However, the emergence
of antimicrobial resistance has impeded the translation of
eNFM into practical applications.**** Owing to their entangled
micro/nanofibers, eNFM form highly porous three-dimensional
networks with exceptional pore interconnectivity, making them
ideal substrates for cell adhesion and proliferation.”” Simulta-
neously, the relentless emergence of drug-resistant bacteria has
driven growing interest in endowing eNFM with intrinsic
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bactericidal properties, thereby obviating the need for antibiotic
incorporation.”*** Tecoflex is a thermoplastic polyurethane
synthesized from methylenebis(cyclohexyl) diisocyanate, poly
(tetramethylethylene glycol), and 1,4-butanediol, and is distin-
guished by its exceptional flexibility and processability.
Electrospun Tecoflex EG-80A yields a highly flexible fabric that
serves as a promising substrate for wearable device applica-
tions.”** However, driven by the demand for safer, more
conformable materials, researchers are now focusing on inte-
grating antibacterial functionality into skin-conformable elec-
tronics to prevent device fouling and mitigate infection risks
during biomedical monitoring.>®**® The incorporation of anti-
bacterial functionalities into skin-conformable electronic
devices has emerged as a key strategy to prevent device
contamination and mitigate infection risk. Accordingly,
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embedding antibacterial agents—including metallic nano-
particles (Ag, Au), metal-oxide (ZnO, CuO, TiO,) and metal-
sulfide nanoparticles, and carbon-based nanomaterials—
directly within fiber matrices, or grafting quaternary ammo-
nium compounds, biguanides, and pyridine derivatives onto
fiber surfaces, represents a highly promising strategies for
infection control in both biomedical and environmental
applications.>*** Concurrently, the safe and efficient incorpo-
ration of fungicides into eNFM to bolster the antifungal
performance of electronic sensors represents a critical frontier
in safeguarding human health.***®

In this work, we report a multifunctional electronic skin (e-
skin) based on a modified Tecoflex electrospun nanofiber
membrane (T-eNFM) that synergistically integrates intrinsic
breathability with potent antibacterial activity, ensuring wearer

T-eNFM film
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(a) Design and preparation of antibacterial and breathable electronic skin. (b) Electronic skin can be applied to human body sensing and for

detecting physiological signals of the cardiovascular system. SEM images of the (c and d) fiber structures of T-eNFM-0 and (e and f) the regular

spiral fiber structure presented by T-eNFM-3 at different magnifications.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 20344-20354 | 20345


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05696a

Open Access Article. Published on 30 Leotshe 2025. Downloaded on 2025-11-08 10:54:26.

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

(cc)

Chemical Science

comfort and effective inhibition of bacterial colonization. A
composite ink of multi-walled carbon nanotubes (MWCNTs)
and silver paste (Ag powder) was printed onto the T-eNFM-3 to
yield an e-skin with exceptional electrical conductivity and
mechanical compliance. The engineered wearable electronic
skin (e-skin) features sensitive and stable pressure and strain
sensors, enabling detection of human motion and monitoring
of cardiovascular physiological signals via its micro-structured
sensitive layer. By seamlessly integrating antibacterial func-
tionality, breathability, and high-performance sensing within
a unified structure, this e-skin design addresses limitations of
conventional platforms and establishes a foundation for robust,
translational applications.

Results and discussion
Antimicrobial and breathable electronic skin

To address the issues of insufficient antibacterial performance
and poor breathability of current electronic skin, a new type of
electronic skin with antibacterial, breathable and excellent
sensing performance was developed. The synthesis procedures
and characterizations of the (2,3-dihydroxypropyl)-N,N-
dimethyloctadecan-1-aminium chloride (DOQA) and modified
Tecoflex polymer were listed in the Supplementary Information
(Fig. S1-S3). The Tecoflex membrane with antibacterial and
breathable properties was prepared by electrospinning, while
surface-microstructured electrodes were formed using screen
printing (Fig. 1a). Strain and pressure sensing modalities were
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integrated to realize an electronic skin capable of detecting
human motion and monitoring cardiovascular physiological
signals (Fig. 1b). T-eNFM-3 exhibited superior stretchability and
toughness, attributed to its helical fiber architecture, which
significantly broadens its elastic range compared with other T-
eNFM materials. This phenomenon may be attributed to the
incorporation of DOQA, which modifies the molecular interac-
tions within Tecoflex, thereby generating contraction forces that
lead to the formation of helical fiber structures. The surface
morphology of T-eNFM was observed by SEM. As shown in
Fig. 1c and d, T-eNFM-0 presents a simple fiber structure, while
T-eNFM-3 presents a regular helical fiber structure (Fig. 1e and
f). The SEM of other samples can be found in Fig. S4.

To enable sensing functionality, a composite of multi-walled
carbon nanotubes (MWCNTSs) and silver paste (Ag powder) was
deposited onto the T-eNFM surface via screen printing to form
a conductive layer. As shown in Fig. 2a, conductive ink of
optimized viscosity was screen-printed onto the T-eNFM
surface. The microstructure of the resulting conductive layer
was characterized via scanning electron microscopy (SEM). The
MWCNTs and Ag paste were stacked and interlaced with each
other to form a dense conductive layer. To prepare a conductive
layer with a microstructure, as shown in Fig. 2b, the viscosity of
the screen-printed ink was adjusted by the content of thickener
carboxymethyl cellulose (CMC), and a microstructure was
formed on the printed conductive layer. Upon separation from
the screen, the high-viscosity ink exhibited reduced surface
tension that inhibited capillary-driven smoothing, yielding

| -r-es— |
250pm

Fig. 2 The surface morphology of the T-eNFM printed electrode. (a) T-eNFM surface screen-printed conductive layer. (b) Microstructure
conductive layer of Ag paste printed on T-eNFM surface by screen printing and (c) its local magnified image. (d) Microstructure conductive layer
of MWCNTSs and Ag paste printed on T-eNFM surface by screen printing and (e and f) local magnified image. (g) The surface screen printing of T-
eNFM features a regular array of microstructure conductive layers and the distribution of (h) C element in the MWCNTSs and (i) Ag element.
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persistent net-hole imprints and an array of microscopic
protrusions across its surface. Screen-printed Ag electrodes
revealed stacked silver flakes forming layered architectures
(Fig. 2b and c). Upon incorporation of CMC into the conductive
ink and subsequent screen printing (Fig. 2d), a grid-like
microarchitecture emerges, characterized by interlocking
nanotubes and silver flakes that coalesce into a densely packed
conductive network (Fig. 2e and f). Energy-dispersive X-ray
spectroscopy (EDS) revealed a uniform dispersion of carbon
and silver across the electrode surface, with pronounced
stacking within the microstructured domains (Fig. 2g).
Elemental mapping of carbon (Fig. 2h) and silver (Fig. 2i)
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further confirmed the homogeneous distribution and structural
integrity of the printed conductive layer.

Performance characterization of T-eNFM materials

The surface properties of the material were characterized by
Fourier-Transform Infrared (FTIR) and X-ray photoelectron
spectrometer (XPS) as shown in Fig. S5 and 3a. The character-
istic peaks that occurred within the range of 2948-2850 cm™*
were attributed to the stretching vibrations of -CH; and —-CH,.
The characteristic peaks that appeared near 1460 cm ' and
1471 cm™ " were the bending vibration peaks of -CH; and ~CH,
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(a—c) The XPS, TGA, and DSC of T-eNFM materials. (d) Stress—strain curves of T-eNFM materials. (e) The water contact angles on surfaces

of block T-eNFM. (f) Skin irritation observed on the forearm of volunteer ((1) polyimide (Pl); (2) polydimethylsiloxane (PDMS); (3) T-eNFM-3). (g)
Digital images of antibacterial performance on surfaces of blank control and block T-eNFM materials incubated with E. coliand S. aureus for 12 h;
images of live/dead fluorescence assays of E. coli and S. aureus adhered to different T-eNFM block material surfaces. (h) Bacteria reduction rate
of different T-eNFM materials. (i) The air and moisture permeability properties of different materials.
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respectively. Additionally, a stretching vibration peak of C-N
was observed near 1040 cm ™" on the FTIR spectrum, indicating
the success of the quaternization reaction. As indicated in Table
S1, the atomic content of N 1s increased from 0.29% in T-eNFM-
0 to 2.25% in T-eNFM-5, confirming the uniform distribution of
the modified Tecoflex and highlighting the efficiency of DOQA
as a surface functionalization agent.

The thermogravimetric analysis (TGA) was used to measure
the thermal stability of T-eNFM materials. As shown in Fig. 3b,
all samples undergo two distinct stages of thermal degradation.
The initial stage corresponds to the decomposition of the hard
segments in Tecoflex, followed by further degradation of the
macromolecular structure within the soft segments. The onset
decomposition temperature (Tso,), defined as the temperature
at which 5% weight loss occurs, serves as a critical indicator of
polymer thermal stability. Notably, the Ts, decreases progres-
sively with increasing DOQA content, suggesting that DOQA
incorporation compromises the thermal stability of Tecoflex.
This reduction likely arises from the weaker thermal stability of
bonds formed between Tecoflex and the hydroxyl groups at the
DOQA termini compared to Tecoflex's intrinsic bonding. This
may also contribute to the development of helical morphology
in T-eNFM-3 spun fibers. The incorporation of DOQA modulates
the internal molecular interactions within Tecoflex, generating
contraction forces that ultimately result in the helical configu-
ration of the fabricated fibers. Furthermore, the differential
scanning calorimeter (DSC) curve was depicted in Fig. 3c. The
melting temperature (T,,) of the hard segments reflects the
degree of aggregation inside the modified Tecoflex. As the
DOQA mass fraction increased, the T, rose from 38.88 °C to
41.95 °C, indicating that DOQA disrupts the ordered aggrega-
tion of hard segments in Tecoflex and generates more loosely
packed hard domains. These less ordered domains enhance
chain mobility in the hard-segment phase and thereby amplify
the overall phase separation of Tecoflex. Furthermore, the
stress-strain behavior of various T-eNFM materials was evalu-
ated in Fig. 3d. T-eNFM-3 demonstrated a tensile strength of
12.25 MPa and an elongation at break of 680%, marking a 1.84-
fold improvement in tensile strength compared to T-eNFM-
0 (370%). Owing to the uniform helical architecture of the T-
eNFM-3 mat, stress-strain were measured both along and
perpendicular to the helical structure as shown in Fig. S6. The
helical architecture of the T-eNFM-3 mat significantly enhances
its tensile performance, thereby substantially widening its
elastic range compared with other samples. However, as the
DOQA content increases, the tensile strength of the material
declines due to the disruption of the helical fiber structure
generated during electrospinning. Notably, the fiber structure
of T-eNFM-5 extends to several hundred micrometers,
substantially compromising its mechanical integrity (Fig. S4).
As shown in Fig. S7, the correlation between spinning param-
eters and helical structure of T-eNFM-5 was further examined.
The helical structure of T-eNFM-3 is highly sensitive to spinning
temperature: increasing the temperature enhances the fluidity
of the spinning solution, which in turn disrupts the fiber's
helical configuration. Additionally, the rotational speed of the
fiber collector directly influenced spinning uniformity; speeds

20348 | Chem. Sci,, 2025, 16, 20344-20354
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above 350 rpm leaded to a noticeable deterioration in fiber
uniformity.

The hydrophilicity and hydrophobicity of electrospun fiber
membranes play a critical role in determining wearing comfort.
As depicted in Fig. 3e, the hydrophilicity of T-eNFM increases
with rising DOQA content, decreasing the water contact angle
from 94 + 2.8° (T-eNFM-0) to 18 + 1.5° (T-eNFM-5). This
improvement is attributed to the strong affinity of quaternary
ammonium cations for water molecules. Enhanced hydrophi-
licity is anticipated to promote wearing comfort in flexible
wearable electronics. Additionally, the breathability and mois-
ture permeability of the base material used in wearable devices
are critical factors influencing user comfort and dermatological
health. Prolonged adhesion of a substrate to skin can induce
thermophysiological discomforts such as dampness, desicca-
tion and inflammation. Consequently, besides exceptional
sensing performance, electronic skin (e-skin) demands a highly
breathable substrate (Fig. 3f). Compared with polyimide (PI)
and polydimethylsiloxane (PDMS) films, T-eNFM-3 demon-
strated an air permeability of 26.2 + 1.3 mm s~ and a moisture
vapor transmission rate of 142.1 & 5.2 g m~> day™ ', markedly
surpassing those of conventional flexible films used in wearable
electronics (Fig. 3i).

As shown in Fig. 3g, the inhibition rate of colony-forming
units (CFUs) on agar plates was employed to evaluate the anti-
bacterial efficacy of the coating surface. Relative to the blank
control, antibacterial activity of the T-eNFM surfaces increased
with higher DOQA content. The surfaces of T-eNFM-3, T-eNFM-
4 and T-eNFM-5 exhibited antibacterial rates up to 99.9%
against E. coli and S. aureus (Fig. 3h). To further assess the
antibacterial activity of the coatings, SYTO 9/propidium iodide
staining was performed to evaluate the viability of Escherichia
coli and Staphylococcus aureus recovered from the coating
surfaces. On T-eNFM-3, T-eNFM-4 and T-eNFM-5, nearly all cells
were co-stained with SYTO 9 (live/dead) and PI (dead), indi-
cating that incorporation of DOQA confers potent bactericidal
properties.

Strain and pressure sensing performance

The viscosity of the ink was adjusted using CMC, and
a conductive layer with microstructures was formed on the
surface of T-eNFM-3 through screen printing. As illustrated in
Fig. 4a, the printing ink exhibited excessive fluidity in the
absence of CMC, impeding effective deposition. Addition of
1 wt% CMC conferred a suitable viscosity of 1420 mPa s,
permitting uniform printing onto the T-eNFM-3 substrate and
yielding a planar conductive layer. With further increases in
CMC content, the ink viscosity rose progressively. At 2 wt%
CMC, a composite ink comprising the thickening agent,
MWCNTs, and silver was successfully deposited onto T-eNFM-3
via screen printing. Following separation of the ink from the
screen plate, its elevated viscosity led to a reduction in surface
tension, hindering rapid self-leveling and the erasure of mesh
imprint traces. Consequently, regularly patterned raised
microstructures emerged on the surface of T-eNFM-3. Never-
theless, additional increases in CMC content caused the ink

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Viscosity of the MWCNTs and Ag paste mixed ink. (b) The conductivity of the electrodes fabricated by screen printing with ink mixtures
of MWCNTSs and Ag paste in different proportions. (c) Structural diagrams of the strain sensor and pressure sensor. (d) Sensing sensitivity of strain
sensors formed by different proportions of MWCNTSs and Ag paste. (e) The sensitivity of strain sensors with microstructure and those without
microstructure. (f) The sensing signals of the strain sensor under cyclic strain conditions and (g) response time. (h) The strain sensor can provide
stable sensing signals under different frequencies and (i) different strains during the cyclic process. (j) Sensing sensitivity of pressure sensors
formed by different proportions of MWCNTs and Ag paste. (k) The sensitivity of pressure sensors with microstructures and those without
microstructures. () The stable electrical signals and response time of the pressure sensor during the cycle. (m) The pressure sensor generates
sensing signals under different pressures and (n) at different frequencies.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2025, 16, 20344-20354 | 20349


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05696a

Open Access Article. Published on 30 Leotshe 2025. Downloaded on 2025-11-08 10:54:26.

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

(cc)

Chemical Science

viscosity to exceed optimal levels, resulting in screen plate
clogging and precluding effective deposition. The ratio of
MWCNTSs to Ag paste in the screen-printing ink plays a critical
role in modulating the electrical conductivity and sensing
performance of the electrodes. Therefore, we chose to print the
micro-structured conductive layer using an ink with 2% CMC
added. Accordingly, five ink formulations with MWCNTSs : Ag
paste mass ratiosof 1:0,2:1,1:1,1:2,and 0: 1 were prepared,
as depicted in Fig. 4b. The conductivity of the screen-printed
pure MWCNTs and Ag paste electrodes was 0.223 S cm™ ' and
1190 S cm ™' respectively, and the conductivity of the screen-
printed mixed electrodes of MWCNTs and Ag paste gradually
increased with the increase in Ag content. The addition of Ag
part effectively enhances the electrical conductivity of the
conductive layer. The printed strip-shaped conductive elec-
trodes were used for strain detection, and the printed square
electrodes were combined with Ag finger-type electrodes to form
a pressure sensor (Fig. 4c).

The conductive layers prepared by printing different
proportions of MWCNTs and Ag inks were used to fabricate
sensors, and their sensing performances were investigated. As
shown in Fig. 4d, the strain sensor is fabricated by screen
printing. The strain sensor made of pure Ag paste has very low
sensitivity. Ag is a highly conductive metal, but the silver sheet
layer is relatively rigid and has poor flexibility. On the flexible
antibacterial breathable membrane substrate, the silver
conductive layer is dense and stable, but when subjected to
strain, it is prone to cause the separation of the membrane due
to the deformation of the substrate, resulting in a sudden
interruption of the conductive path and unstable resistance
change, thus causing the sensor to have low sensitivity (GF =
2.36) and poor repeatability. With the addition of MWCNTs,
these nanotubes serve as a flexible framework that bridges
dispersed silver sheets by leveraging their high aspect ratio.
This forms a continuous network of silver sheets and MWCNTSs,
enabling synchronous deformation with the substrate and
allowing fine-tuning of the conductive layer's electrical proper-
ties. At the same time, the presence of a certain amount of silver
sheets can enhance the structural strength of the electrode,
avoiding irreversible fractures of the MWCNTSs network due to
excessive deformation. When the ratio of MWCNTSs to Ag paste
is 1:2 and 1:1, the sensor exhibits different sensing sensitiv-
ities within different strain ranges of 0-150%, 150-250%, and
250-650%. As the content of MWCNTS increases, the sensor's
sensitivity also increases. When the content of MWCNTs further
increases to 2:1, the content of MWCNTSs is sufficient to
support the framework, and the content of the Ag is moderate,
not prone to agglomeration. In the conductive path, three
contact forms, “Ag - Ag”, “Ag - MWCNTs”, and “MWCNTs -
MWCNTSs”, coexist. Under the action of strain, the distance
changes and contact area changes at the contact points are
more significant, resulting in a greater change in the resistance
rate of the sensor and higher sensitivity. The sensor has GF =
5.81, 3.85, and 0.94 in the strain ranges of 0-150%, 150-250%,
and 250-650%, respectively. Pure MWCNTs sensors have
excellent flexibility and aspect ratio, and are easy to form into
a network structure, but their conductivity is much lower than
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silver. In the pure MWCNTs network, the main conductive
paths between tubes mainly rely on point contact, and the
contact resistance is relatively high; moreover, a high propor-
tion of MWCNTSs may cause the network to be too dense due to
agglomeration, resulting in a smaller change in the path during
deformation, and the resistance changes rapidly at small strains
(0-100%) but quickly reaches the limit, resulting in a smaller
sensing range. When there is a large strain, the resistance
change rate is low, and the sensitivity is insufficient. It was also
verified that the micro-structured strain sensor by screen
printing exhibited significantly enhanced sensing performance
compared to the sensor without microstructure (Fig. 4e). In the
case of the unstructured sensor, during repeated stretching
deformation, the sensitive material is prone to crack or fall off
due to stress concentration, especially at the interface with the
substrate, resulting in rapid performance degradation. The
porous microstructure can buffer the stress, disperse it, and
reduce the generation of cracks within the material, enabling
the sensor to maintain stable performance after cycling while
maintaining high flexibility (able to adapt to complex curved
surfaces, such as human skin and robot joints).

Further tests were conducted on the sensing performance of
the strain sensor, as shown in Fig. 4f. Under a 10% cyclic strain
condition, the strain sensor exhibited a stable and repetitive
current signal. One of the cycles in Fig. 4f was enlarged to obtain
Fig. 5g. The response time and recovery time of the sensor were
50 ms and 30 ms respectively. Additionally, this strain sensor
can detect stable repetitive sensing signals under different
frequencies of strain cycles (Fig. 4h). When applying different
strains to the sensor, as shown in Fig. 4i, the sensor still showed
stable sensing signals during the cyclic changes of 20% and
30% strain. These indicate that the fabricated strain sensors
possess stable and reliable sensing performance. The long-term
stability of the sensor is an important factor. To verify whether
the strain sensor can be used stably for a long time, we con-
ducted 10 000 strain cycling tests on the prepared strain sensor
(Fig. S8a-c). The test results showed that the strain sensor
exhibited excellent stability. After repeating the strain applica-
tion, the current change rate did not show significant attenua-
tion, indicating that this sensor has reliable stability.

A multi-layer structure pressure sensor was constructed by
using printed Ag paste finger-type electrodes and a MWCNTSs/Ag
paste composite conductive electrode. As shown in Fig. 4j, when
the electrodes are pure Ag paste, due to the rigid collision
between the Ag, the conductive path is easily saturated quickly.
This pressure sensor has low sensitivity. The initial resistance of
pure Ag paste is very low. Even if AR changes due to pressure,
the sensitivity may still be low; moreover, when the Ag part is in
the dominant contact state, the path changes are mostly step-
like transitions between open and closed, resulting in poor
response linearity. When MWCNTs are added and the sensor is
under pressure deformation, the contact area between the Ag
part and MWCNTs increases, and the resistance decreases.
After removing the pressure, the elastic recovery force of
MWCNTs causes the contact area to decrease, resulting in an
increase in resistance. This “compression — recovery” revers-
ibility is more significant at a 2:1 ratio. The sensor has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The strain sensors continuously monitor the (a) neck, (b) shoulders, and (c) elbows at different degrees of flexion, (d) wrists, (e) knees, and
(f) ankles of the body during movement. (g) The strain sensors monitor slow walking, jogging and sprinting in real time. (h) The pressure sensors

monitor the heartbeats, carotid arteries and radial arteries in real time.

a sensitivity § = 2.83 kPa™ " in the pressure range of 0-120 kPa
and 0.85 kPa™" in the range of 120-180 kPa. The silver sheet
provides rigid support, and MWCNTSs provide elastic recovery.
The initial resistance of the pure MWCNTSs pressure sensor is
high, and the network is dense. The contact points quickly
reach saturation within a small pressure range of 0-50 kPa. As
the pressure increases, the amplitude change of AI is small,
resulting in low sensitivity. In addition, compared to the pres-
sure sensor composed of Ag and finger electrodes, the micro-
structured electrodes by screen printing have significantly
improved sensing performance compared to the pressure
sensor without microstructure (Fig. 4k). For the MWCNTs and
Ag paste composite electrodes, the amplification of local
deformation directly leads to more drastic changes in the
conductive path at the contact points of MWCNTSs and Ag paste,

© 2025 The Author(s). Published by the Royal Society of Chemistry

resulting in a significant increase in the rate of current change
and thus an improvement in sensitivity. In the planar structure
of screen printing, the contact points between the MWCNTSs
and Ag part are evenly distributed but have a lower density, with
most being large-area bonded strong contact points. When
subjected to external force, only a few contact points separate or
approach, and the resistance change range is relatively small.
Further verification of the sensing performance of the pres-
sure sensor. Fig. 41 shows the stable electrical signal generated
by the pressure sensor during the 100 kPa pressure cycle.
Meanwhile, the local magnified Fig. 41 indicates that the
response time of the pressure sensor is 280 ms and the recovery
time is 160 ms. At the same time, the pressure sensor exhibits
stable and reliable current signals under different pressures
ranging from 20 to 120 kPa (Fig. 4m). Additionally, the pressure
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sensor also generates stable and cyclic sensing signals at
different frequencies (Fig. 4n). These data confirm that the
pressure sensor composed of the micro-structured electrodes
printed by screen printing has reliable and stable sensing
performance. The long-term stability of the pressure sensor was
further verified. As shown in Fig. S8d-f, the pressure sensor was
subjected to 10 000 pressure cycle tests. The test results still
demonstrated excellent stability, and the current change rate
did not show any significant attenuation, indicating that this
pressure sensor has long-term stability.

Application demonstrations

Due to the excellent breathability, antibacterial properties and
high elasticity of T-eNFM-3, the sensor constructed by screen
printing micro-structured electrodes on the surface of T-eNFM-
3 can be used in electronic skin. The strain sensor, which is
attached to the surface of the skin, can detect the deformation
of different parts of the human body (such as the neck, shoul-
ders, elbows, wrists, knees and ankles) during movement in real
time (Fig. 5a-f), to track the deformation caused by joint
bending and convert it into an electrical signal. The current
response curve increases with joint bending and decreases with
joint recovery. Each action can obtain a stable and repeatable
response curve, and the response curve corresponding to
a specific action is unique, which is determined by the joint
structure and the particularity of the movement. It is worth
noting that the deformation of different parts is different, and
the relative current peak is also different. The differentiated
sensing signals output by each sensor are sufficient to prove
that the prepared sensor is sensitive enough to detect the subtle
differences in human body movements. As shown in Fig. 5c and
d, the strain sensor can accurately identify different angles of
elbow and wrist bending. The relative current of the strain
sensor increases during the deformation caused by the move-
ment and decreases during the recovery of the deformation. The
current peak also increases with the increase in the deformation
angle of the joint movement. The elbow bending can cause
a larger deformation than the wrist bending, resulting in
a higher resistance value. Various body movements can be
easily detected by the strain sensor and mapped to specific
response curves, indicating that the prepared strain sensor can
be applied to human posture correction and health warning. As
shown in Fig. 5g, when the strain sensor is fixed at the knee
joint, it can monitor the movement state and determine the
real-time situations of slow walking, jogging and fast running,
and output a unique and stable response curve. These results
prove that the prepared strain sensor has high sensitivity and
fast response characteristics, and as a flexible wearable elec-
tronic device, it can accurately detect the strain of human body
movements and shows great application potential in the
medical care field.

The human body's electrophysiological signals, as an
important vital sign, are very common and routine in current
clinical examinations since they contain a variety of health
information about the human body. Thanks to its excellent
flexibility and stretchability, the multi-layer structure pressure
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sensor can perfectly fit the irregular human skin and serve as
a skin biosensor to detect the physiological electricity on the
human epidermis. As shown in Fig. 5h, the pressure sensor can
achieve continuous monitoring of the heartbeat, accurately
perceive the weak pulse fluctuations of the human body, and
detect the pulsation signals of the carotid artery and radial
artery, etc. This is mainly attributed to its excellent mechanical
properties, conductivity, and better adhesion and contact with
the skin. Satisfactory results indicate that the pressure sensor
can accurately detect and identify different action electromyo-
graphic signals, which means that its application in human-
computer interaction and health assessment is feasible. More-
over, the sensor has good antibacterial and biocompatibility,
which indicates that it has broader applicability and superior
reliability in monitoring high-fidelity electrophysiological
signals.

We compared the prepared multifunctional electronic skin
with the electronic skins that have been reported in previous
studies, as shown in Table S2. The comparison was made in
terms of the preparation materials, preparation methods,
whether they possess antibacterial and breathable properties,
and the multifunctionality of the sensors. The electronic skin
prepared in this work has obvious advantages in overall
performance.

Conclusions

In summary, a multifunctional electronic skin was developed by
integrating a modified Tecoflex electrospun nanofiber
membrane (T-eNFM-3) with a multi-walled carbon nanotube
(MWCNT)/silver (Ag powder) composite layer. The resulting
device demonstrates outstanding breathability and antibacte-
rial efficacy, ensuring user comfort and biocompatibility during
extended wear. The micro-structured conductive layer was
engineered by modulating the viscosity of the screen-printing
ink. This enabled the design and fabrication of strain sensors
(gauge factor, GF = 5.81) and multilayer pressure sensors
(sensitivity, S = 2.83 kPa™ '), exhibiting response times of 50 ms
and 280 ms, respectively. The strain sensor reliably monitors
joint movements across the human body and effectively
distinguishes locomotion states such as slow walking, jogging,
and running. Concurrently, the pressure sensor enables detec-
tion of physiological signals including heartbeat, carotid pulse,
and radial artery activity, offering comprehensive insight into
cardiovascular function. This work presents a mechanically
robust, flexible, and multifunctional platform that addresses
limitations inherent to conventional electronic skin designs,
with broad potential in wearable health monitoring, human-
machine interfacing, and biomedical applications.
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