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Abstract
With the advent of the big data era, traditional Von Neumann architecture is
facing an energy consumption bottleneck due to separated memory and
computing units, inspiring the research of brain‐like neuromorphic computing
devices for artificial intelligence systems. On the other hand, with the
increasing popularity of flexible electronic devices, the development of the
next‐generation of wearable neuromorphic electronics has been driven, espe-
cially the textile technology based on 1D fibers. The manufacturing method,
material system, electrical characteristics and intelligent integration of elec-
tronic fabrics were systematically summarized. The review provides an in‐
depth review of the research status of four key modules for artificial intelli-
gence systems, including fabric batteries, fabric sensors, fabric displays, and
fabric memristors. The main challenges and problems that neuromorphic
electronic fabric technology currently needs to solve were pointed out, as well
as prospects for intelligent fabric‐integrated microsystems that may shine in
the future.
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1 | INTRODUCTION

In this rapidly changing technological era, wearable
electronic devices are integrating into our daily lives at an
unprecedented speed, becoming a bridge connecting the
digital world and the physical world.1–9 These small yet
powerful devices not only redefine the way individuals
monitor their health, obtain information, and interact,
but are also ushering in a new era of personalized and
intelligent living.10–24 As people's interest in flexible and
wearable electronic products continues to grow, the
development of a new generation of smart textiles with
sensing, power supply, driving, and wireless communi-
cation functions has aroused great interest.17,25–36 With
the research and development of various functional
electronic textile devices, people are further committed to
integrating multiple functional electronic textiles
together to develop integrated electronic textiles with
multitasking, multimodality, and multifunctionality.37–49

Fiber materials, with their unique one‐dimensional
morphology, combine high flexibility, lightweight prop-
erties, miniaturization, and excellent biocompatibility,
making them ideal building blocks for next‐generation
smart textiles.50–53 At the material level, natural fibers
modified for conductivity enable the creation of
biocompatible wearable devices54; metal wires serve as
substrates for early fiber electronics due to their high
conductivity55; polymer fibers enhanced with carbon
nanotubes (CNTs) or graphene exhibit improved elec-
trical and mechanical properties56; and carbon‐based fi-
bers (e.g., CNT fibers, graphene fibers) have emerged as
critical materials for high‐performance devices owing to
their high specific surface area, superior electrochemical
properties, and tunable structures.57 These material in-
novations lay the foundation for multifunctional inte-
gration in fiber‐based systems.

In the realm of device design, fiber electronics opti-
mize charge transport pathways through structural con-
figurations such as coaxial, parallel, helical, and cross
geometries.58,59 Furthermore, the functionality of fiber‐
based devices has expanded to encompass fiber sensors,
fiber batteries, electroluminescent fibers, and increas-
ingly prominent components like fabric memristors,
nearly replicating all functionalities of conventional
planar devices while demonstrating unique advantages in
flexibility, wearability, and compatibility.51,53 Notably,
the emerging fabric memristor technology holds promise
to address the final missing piece for neuromorphic
computing in wearable systems.60,61 Neuromorphic
computing based on wearable electronic systems repre-
sents a novel paradigm that deeply integrates bio‐inspired
synaptic devices (e.g., fabric memristors) with traditional
textiles or flexible substrates. By mimicking biological

neural networks and adaptive learning mechanisms, this
approach enables integrated sensing‐storage‐computing
capabilities directly at the fabric level.62 Fabric mem-
ristors, capable of parallel memory and computation op-
erations, can receive, store, and process signals from
sensors, making wearable neuromorphic systems a
tangible goal.60,61,63 Crucially, the realization of such
systems relies on synergistic components: fabric batteries
(as stable energy suppliers),64,65 fabric sensors (for real‐
time capture and preprocessing of external stimuli or
neural signals via multi‐physical field coupling),66,67 and
fabric display modules (serving as interactive output
terminals for visual feedback).68,69 Through the organic
integration of multidisciplinary technologies, fiber elec-
tronics are transforming wearable neuromorphic
computing from concept to reality.

The advancement of wearable textile electronics
hinges on four critical modules that collectively enable
closed‐loop perception‐interaction‐computation systems
(Figure 1). Textile batteries, particularly 1D fiber‐based
architectures, serve as the indispensable power compo-
nent by delivering unprecedented flexibility and safety to
sustain wearable operations.65 Textile sensors achieve
multimodal environmental/physiological monitoring
with skin‐conformable precision, establishing the foun-
dation for accurate data acquisition.67 Textile displays
revolutionize human‐machine interfaces through me-
chanically robust electroluminescent fibers and cross‐
point emissive textiles, enabling visual feedback without
compromising textile breathability—a dual enhancement
of interactivity and system intelligence.77 Most crucially,
textile memristors emerge as the computational corner-
stone, where their demonstrated potential for edge
computing enables wearable systems to transition from
passive monitoring to adaptive intelligence.61

In this review, since most of the current relevant re-
views only focus on a single module or material, the re-
view creatively and comprehensively summarized the
research status of fabric electronics from a systematic
perspective, and proposed a comprehensive intelligent
system of “energy supply sensor interaction computing”
at the end of the paper. The review not only summarized
the manufacturing and material system of fabric fibers,
but also reviewed the research of four modules: fabric
battery, fabric sensing, fabric display, and fabric mem-
ristor, and summarized the classification of different
types of electronic fabric products (Figure 1). Notably,
this review pioneers the inclusion of textile‐based mem-
ristors, bridging a critical gap in existing review literature.
The review has also analyzed textile electronic devices of
different types, functions, and structures from various
research perspectives. During this process, the applica-
tion achievements of various fabric devices in various
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practical environments were highlighted, including but
not limited to the Internet of Things, medical testing,
information communication, and smart homes. At the
same time, the review has also made some necessary
supplements and explanations on the security and sta-
bility of fabric electronic devices. Finally, the review
looks forward to the development and challenges of
various electronic fabric products in the future and
envision the possible emergence of intelligent fabric‐
integrated microsystems with multi‐mode and multi-
functional functions, thus moving toward a more intel-
ligent wearable information age.

This review distinguishes itself from the prevailing
literature on smart textiles—which often focuses on sin-
gular components—by providing a comprehensive,
system‐level perspective on fabric electronics. We sys-
tematically synthesize advances across manufacturing,
materials, and the four key functional modules (battery,
sensing, display, and memristor), with a pioneering
emphasis on integrating textile‐based memristors as the

computational core to bridge a critical gap in the field. This
holistic analysis culminates in the proposal of an inte-
grated “energy‐supply‐sensing‐interaction‐computing” fr
amework, charting a clear pathway for the future devel-
opment of intelligent wearable microsystems.

2 | FABRIC MATERIAL SYSTEM

The manufacturing methods of fabric fibers are not only
diverse but also highly specialized. For different types of
fibers, their manufacturing processes and technological
choices exhibit unique characteristics. The preparation of
conductive fibers mainly relies on the drawing process,
which involves the precise mechanical stretching of
metal raw materials such as stainless steel, copper, and
aluminum to transform them into slender fiber
shapes.78,79 These fibers have a wide range of diameters,
from tiny spans of a few micrometers to larger ones of
several tens of micrometers, all achieved through a series
of precision‐designed molds that gradually draw the
metal wire. However, in the commercial fiber optic field,
due to the insulating nature of most fiber optic materials,
in order to endow them with conductive properties, dip
coating technology is usually used to uniformly cover the
surface of the fiber with conductive materials.80 In
addition, dip coating technology also has the ability to
apply functional coatings on the surface of conductive
materials, thereby further expanding the functional di-
versity of fibers. As shown in Figure 2A, an application
example of dip coating technology in the preparation of
functional fibers is demonstrated.81

Ding and other researchers pioneered a new strategy
based on gel extrusion, which makes full use of the
network structure of hydrocolloids and their unique
rheological properties to achieve efficient and uniform
distribution of heterogeneous molecular particles in the
continuous matrix.82 This innovative method not only
facilitates the generation of fibers with high uniformity
and good interfacial bonding but also enables the alter-
nating arrangement of p/n‐type fiber segments, opening
up a new path for the manufacturing of non‐conductive
polymer fibers. Electrochemical deposition technology
also plays a crucial role in the field of surface modifica-
tion of conductive materials, especially in the
manufacturing process of complex surface electronic de-
vices.87,88 Given the limitations of traditional thin film
deposition techniques in the field of textile electronics,
electrophoretic deposition (EPD), as an emerging and
highly promising technology, is gradually receiving
widespread attention from the industry.89–91 EPD tech-
nology uses an electric field to orient charged particles in
an electrolyte solution and deposit them on the surface of

F I GURE 1 Simple classification and mechanism overview of
textile electronic devices.60,61,64,67,70–76 Reproduced with
permission.60 Copyright 2022, Wiley‐VCH. Reproduced with
permission.61 Copyright 2022, Springer Nature. Reproduced with
permission.64 Copyright 2024, Springer Nature. Reproduced with
permission.67 Copyright 2024, Wiley‐VCH. Reproduced with
permission.70 Copyright 2023, Elsevier. Reproduced with
permission.71 Copyright 2020, Elsevier. Reproduced with
permission.72 Copyright 2017, Wiley‐VCH. Reproduced with
permission.73 Copyright 2019, Wiley‐VCH. Reproduced with
permission.74 Copyright 2020, Wiley‐VCH. Reproduced with
permission.75 Copyright 2017, American Chemical Society.
Reproduced with permission.76 Copyright 2024, Springer Nature.
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a substrate, as shown in Figure 1C.60 Despite its advan-
tages in uniformity and scalability, EPD faces challenges
on curved or porous fiber surfaces. Fiber curvature can
distort the electric field, causing uneven film thickness,
while porosity leads to irregular deposition, both of
which degrade electrical performance. To address these
issues, strategies such as surface pre‐treatment, multi‐
step EPD, and post‐annealing are employed to enhance
film uniformity, density, and adhesion. A brief summary
of the manufacturing methods of fabric technology is
shown in Table 1.

The performance of textile electronic products largely
depends on the functional materials used. These mate-
rials not only add key functions such as conductivity,
sensing, and luminescence to textiles but also profoundly
affect the overall performance of the product.28,92,93 In
the process of material selection, it is necessary to
comprehensively consider key performance indicators
such as conductivity, mechanical elasticity, thermal sta-
bility, specific gravity and density and heat dissipation
efficiency, as well as reliability and service life when in-
tegrated with traditional wires.94 The right part of
Figure 2 outlines the commonly used material categories

in the preparation of textile electronic products, covering
multiple fields such as metals, conductive polymers,
carbon materials, and crystalline compounds.

Precious metal materials, such as gold and silver, play
an important role in the selection of conductive core
materials due to their excellent conductivity and thermal
conductivity. These precious metals not only have various
sizes and forms, ranging from 0D nanoparticles to 3D
complex structures, but are also highly favored due to
their stable chemical properties and good processing
performance. In addition, active metals (such as lithium,
potassium and calcium) and their compounds play a key
role in the preparation of fiber battery electrodes.95,96 The
carbon material family, including CNTs, graphene,
reduced graphene oxide, etc., has shown broad applica-
tion prospects in fields such as fabric batteries and fabric
sensors due to its unique physical and chemical proper-
ties, such as excellent conductivity, outstanding thermal
conductivity, and extremely low density.97 However,
these carbon materials may also face challenges such as
dispersion uniformity and compatibility with other ma-
terials in practical applications.98 Other metal com-
pounds, such as perovskites, zinc oxides, transition metal

F I GURE 2 Manufacturing technology and material system of textile electronics. (A) The dip coating method functionalizes the
surface of conductive fibers.81 Reproduced with permission.81 Copyright 2021, Springer Nature. (B) The gel extrusion method is used to
produce continuous gel fibers.82 Reproduced with permission.82 Copyright 2020, Springer Nature. (C) Manufacturing fiber fabric
memristors using EPD method.60 Reproduced with permission.60 Copyright 2022, Wiley‐VCH. (D) Metal oxides are used for luminescent
fibers.69 Reproduced with permission.69 Copyright 2021, Wiley‐VCH. (E) Lithium material.83 Reproduced with permission.83 Copyright
2021, Elsevier. (F) CNT material.82 Reproduced with permission.82 Copyright 2017, Springer Nature. (G) Perovskite.84 Reproduced with
permission.84 Copyright 2017, Springer Nature. (H) Hydrogel.85 Reproduced with permission.85 Copyright 2021, American Association for
the Advancement of Science. (I) Conductive polymer for manufacturing fiber batteries.86 Reproduced with permission.86 Copyright 2021,
American Chemical Society. CNT, carbon nanotube; EPD, electrophoretic deposition.
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sulfides, etc., have also shown great potential for appli-
cations in light‐emitting devices, sensors, and mem-
ristors.99–101 Conductive polymers include conventional
polyaniline, polythiophene, conductive hydrogel, and
conductive liquid encapsulated by polymer.102,103 These
materials, due to their lightweight and flexible properties,
are ideal choices for textile electronic products and their
interconnect devices, providing rich possibilities for
innovative design of textile electronic products.

3 | FABRIC BATTERY

Extensive research has been conducted on fiber‐shaped
batteries for textiles. Various anode, cathode, and elec-
trolyte materials can be employed to fabricate fiber bat-
teries exhibiting distinct advantages. Early research
primarily utilized lithium, sodium, potassium, or their
compounds as anode materials. While these materials
demonstrate favorable electrical conductivity, their me-
chanical properties, significant volume changes during
cycling, and safety concerns impose limitations on their
application potential within flexible textile systems. To
overcome these constraints, subsequent research has
consequently focused on carbon‐based composite fiber
materials as anode alternatives, leveraging their superior
mechanical robustness and electrical characteris-
tics.104,105 In addition, people also prepare the anode of
fiber batteries by using other metal materials, such as Zn,
Ca, and so on.64,106 This category of metallic or metallic
composite fiber electrodes exhibits superior electro-
chemical stability, thus enabling fabric batteries to ach-
ieve enhanced safety and durability. Carbon‐based
materials frequently serve as both substrate and active
material within air electrodes, or alternatively, metallic
electrodes are employed directly as cathodes. Electrolyte
selection constitutes a critical determinant of overall
battery performance.106–109 Electrolyte selection for fiber

batteries is categorized into liquid electrolytes and gel
electrolytes. Liquid electrolytes have garnered consider-
able attention due to their elevated ionic mobility.
However, the fluid nature inherent to the liquid state
heightens the risk of electrolyte leakage, thereby dimin-
ishing battery safety. Consequently, batteries utilizing
liquid electrolytes demand more stringent isolation pro-
tocols and increased packaging thickness. This require-
ment inevitably compromises the flexibility of fabric
batteries, impeding their ability to fully realize textile
applications. Gel‐state electrolytes thus emerge as a focus.
These electrolytes incorporate ionic conductive sub-
stances, retaining the high diffusion capacity character-
istic of liquid electrolytes while significantly mitigating
the risk of electrolyte leakage.110 Gel electrolyte can also
establish a stable interface layer between electrolyte and
electrode, which is conducive to the reliability and sta-
bility of fiber battery.111 In addition, gel electrolyte has
good flexibility and is easy to package, which is very
important for the commercial production of fiber battery.

The structural design of fabric batteries constitutes a
critical performance determinant, primarily categorized
into three configurations: parallel, coaxial, and twisted
structures. In the parallel structure, two fiber‐shaped
electrodes are assembled in parallel, necessitating an
isolation layer between them to prevent electrical short
circuits. This architecture facilitates unambiguous series
or parallel circuit integration during textile weaving pro-
cesses. Huang et al. employed EPD to uniformly coat zinc
(Zn) and nickel cobalt hydroxide nanosheets onto
conductive yarns, serving as anode and cathode, respec-
tively; subsequent immersion in electrolyte enabled the
preparation of parallel‐structured fabric batteries.75 This
type of battery can be flexibly combined in series or parallel
to achieve voltage or current amplification (Figure 3A).
Similarly, research teams have engineered a bio‐powered
textile battery employing polymer‐conductive yarn as the
anode. This design adopts a parallel‐type configuration,

TABLE 1 Summary of fabric fiber manufacturing technology.

Technology Characteristics Applications Materials References

Drawing process High precision, scalable Conductive fibers, flexible
electrodes

Stainless steel, Cu, Al fibers 78,79

Dip coating Multi‐layer stacking Sensors, luminescent fibers Ag nanoparticles, conductive
polymers

80,81

Gel extrusion strategy Compatibility Flexible batteries, smart
textiles

Polymer fibers 87

Electrophoretic
deposition (EPD)

Surface modification,
precise

Electrodes, energy storage Metal/polymer composite electrodes 89

3D printing Complex design Sensors Conductive hydrogels,
photosensitive resins

72
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utilizing proton transfer between wet cotton threads at the
anode and a proton exchangemembrane at the cathode for
power generation.112 Notably, such batteries harvest en-
ergy from human skin microorganisms and demonstrate
effective power delivery performance. This approach pro-
vides novel conceptual pathways for wearable battery
development (Figure 3B).

In contrast, the coaxial structure represents another
prevalent assembly methodology for fiber batteries. This
configuration enhances interfacial contact area, shortens
ion diffusion pathways, and maintains structural integrity
under bending deformation through concentric layering,
consequently garnering significant research interest.
Investigative work has demonstrated a coaxial Ca‐O2 bat-
tery system wherein CNT sheaths deposited with metallic
Ca anodes are encapsulated by gel electrolytes, subse-
quently overlaid with additional CNT layers. This design
enables room‐temperature rechargeable Ca‐O2 battery
operation (Figure 3C), substantially broadening the
application scope for textile‐based power sources

(Figure 3D).64 However, coaxial structured batteries
require high technological standards, so the commercial
production of such batteries will face significant cha
llenges.

The twisted configuration currently represents the
most commercially viable battery architecture. This
structure necessitates twisting dual fiber electrodes while
encapsulating them within gel electrolyte matrices, with
electrode surfaces requiring isolation coatings to prevent
electrical shorting. Critically, the electrode twisting pro-
cess mirrors conventional textile plying operations,
enabling direct utilization of existing industrial textile
machinery for scalable manufacturing. Research
employing 3D printing technology has fabricated
polymer‐based cathode fibers incorporating CNTs and
lithium iron phosphate, alongside anode fibers contain-
ing lithium titanate (LTO). Subsequent twisting of these
functionalized fibers within gel electrolytes yields flexible
fiber batteries exhibiting robust electrochemical perfor-
mance (Figure 3E).72

F I GURE 3 Different structures of fiber batteries. (A) Parallel structure.75 Reproduced with permission.75 Copyright 2017, American
Chemical Society. (B) Special parallel structure.112 Reproduced with permission.112 Copyright 2020, Elsevier (C) Coaxial structure.64

Reproduced with permission.64 Copyright 2024, Springer Nature. (D) Use fabric batteries to charge mobile phones.64 Reproduced with
permission.64 Copyright 2024, Springer Nature. (E) Twisted structure.72 Reproduced with permission.72 Copyright 2020, Wiley‐VCH.
(F) Charging status at different bending angles.65 Reproduced with permission.65 Copyright 2020, Wiley‐VCH. (G) Triboelectric device.113

Reproduced with permission.113 Copyright 2019, Elsevier.
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Recent developments in fiber battery architectures and
energy harvesting systems reveal synergistic advance-
ments, offering innovative power solutions for wearable
electronics. Extending beyond fundamental battery con-
figurations, investigative groups have applied biomimetic
design principles to overcome conventional coaxial con-
straints. This approach has enabled lithium‐CO2 fiber
batteries featuring helical topology (Figure 3F).65 This
spiral‐inspired architecture streamlines assembly proced-
ures while demonstrating exceptional mechanical stabil-
ity. Electrochemical signatures remain nearly invariant
across bending angles—validating critical conformal
integration capabilities with textile substrates. Concur-
rently, hybrid power systems incorporating triboelectric
nanogenerator (TENG) technology constitute an emerging
research frontier. Investigative efforts have pioneered 3D‐
printed textile TENGs through precision deposition of
CNT/silk fibroin composites onto fabric substrates. Sub-
sequent polyethylene terephthalate (PET) encapsulation
optimizes electric double‐layer formation (Figure 3G).113

This configuration utilizes biomechanical energy via con-
tact electrification phenomena, attaining significantly
enhanced mechanical‐to‐electrical conversion efficiency.
This advancement establishes a transformative framework
for autonomous smart textile systems.

Contemporary progress in textile battery integration
reveals significant advancements in merging energy stor-
age functionalities with conventional textile substrates. As
depicted in Figure 4A, research initiatives have developed
coaxial power systems exhibiting seamless garment inte-
gration, successfully powering embedded physiologi
cal monitoring sensors.114 The paramount challenge im
peding fabric battery commercialization remains ac
hieving high‐volume continuous production. Figure 4B,C
showcase scalable lithium‐ion fiber batteries employing
twisted architectures, successfully integrated into textile
products to power portable electronics. This advancement
has accomplished industrial‐scale manufacturing of 1500‐
m continuous fiber batteries, markedly accelerating in-
dustrial translation toward enterprise‐level manu
facturing.81 Employing phase‐inversion templating, re-
searchers created a planar zinc‐air configuration capable of
powering wireless environmental sensors. The design de-
livers 280 mAh/cm3 at 0.1 mA/cm2, meeting the demands
of low‐power IoT applications.115 Reliability and durability
metrics of emerging battery systems have garnered
considerable research attention. To enhance textile battery
robustness, investigations have implemented trans-
formative electrolyte design strategies utilizingmulti‐helix
fiber architectures infused with boron‐nitride‐enhanced
gel polymer electrolytes.116 The experimental results
show that the battery can maintain stable operation under
a high temperature of 80°C and various harsh conditions,

expanding the application scenarios of fiber batteries
(Figure 4E). Figure 4F shows a physical and microscopic
schematic of a composite polymer electrolyte for textile
batteries, which exhibits excellent flexibility and me-
chanical strength.83 The long‐termpower supply capability
of fiber batteries is also a concern for people. Long‐term
performance validation shows lithium‐ion fiber batteries
powering continuous LED illumination for 8+ hours
(Figure 4G), with potential applications in emergency
lighting and wearable medical monitors.117

4 | FABRIC SENSOR

The introduction of conductivity into fabric sensors can
be achieved through three structures: fibers, yarns, and
flat fabrics.118 The selection of conductive fibers is very
diverse, which can be conductive metal fibers, composite
conductive materials into traditional fabric fibers, or
loaded onto polymer fibers.119 Conductive fibers can be
twisted to obtain conductive yarns or further woven into
two‐dimensional conductive fabrics. Additionally, a
certain method can be used to directly print conductive
ink onto traditional textiles to obtain conductive fabrics.
Mechanical fabric sensors can be mainly divided into
resistive, capacitive, piezoelectric, and triboelectric120,121

based on their mechanisms.122 In addition to mechanical
sensors, fabric sensors also have applications and spe-
cialties in other sensing fields, such as temperature sen-
sors,123 humidity sensors.124

The fabric resistance sensor schematized in Figure 5A
(designed through precise morphological control) lever-
ages intentionally randomized surface asperities and hi-
erarchical porosity within its sensing layer to achieve
enhanced pressure dynamic range and sub‐second reac-
tion kinetics.66 Capacitive pressure sensors are also
commonly used sensing mechanisms. Figure 5B illus-
trates the sensing mechanism of a capacitive pressure
sensor. After two fibers with a multi‐layer structure form
a cross structure, the polymer material around the fibers
can act as the dielectric of the capacitor, and the
conductive fibers inside serve as electrodes. When pres-
sure is applied to the intersection point, the polymer is
compressed, causing the distance between the two elec-
trodes to shorten, further leading to the charging and
discharging of the capacitive structure.125

Additionally, the friction motor system is highly
suitable for wearable electronic applications, as it can
operate without the need for an external power source.
Figure 5C shows a schematic diagram of a sensor based
on the principle of triboelectric device. The bottom of the
structure is a regular fabric dipped in Ag, and the top is a
textile yarn made of polymer and Ag fibers. Simply put,

150 - SUN ET AL.

 28369106, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/flm

2.70035 by C
ochraneC

hina, W
iley O

nline L
ibrary on [08/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



external pressure causes relative motion between poly-
ester metal hybrid fibers and silver‐plated polyester fab-
rics, generating triboelectric electricity and causing
changes in electrical signals.71 Meng and his colleagues
have developed a textile‐based triboelectric sensor and
further assembled a biometric detection system that can
detect people's pulse. Piezoelectric sensors are more
suitable for dynamic monitoring. Figure 5D shows a
schematic diagram of a piezoelectric sensing mechanism.
It integrates lead zirconate titanate (PZT) piezoelectric
sensors between fabrics. PZT, as a commonly used

piezoelectric material, has excellent piezoelectric co-
efficients. When external pressure is applied to it, PZT
will release an electric charge to generate an electrical
signal, and detecting this electrical signal can achieve the
purpose of sensing. It is worth pointing out that Zhu
et al.'s piezoelectric sensor made of PZT integrates a
triboelectric sensing mechanism, which can achieve
sensing of more information for medical care and health
monitoring.126

The integration of multimodal sensing capabilities
within singular devices represents an ongoing research

F I GURE 4 Application and testing of fabric batteries. (A) A parallel‐structured fiber battery is used on clothing.114 Reproduced with
permission.114 Copyright 2021, American Association for the Advancement of Science. (B) Charging display image.81 Reproduced with
permission.81 Copyright 2021, Springer Nature. (C) Charging detail diagram.81 Reproduced with permission.81 Copyright 2021, Springer
Nature. (D) Use fabric batteries to power sensors.115 Reproduced with permission.115 Copyright 2022, Wiley‐VCH. (E) The discharge
situation of fabric batteries in different extreme environments.116 Reproduced with permission.116 Copyright 2024, Springer Nature. (F) A
physical display and schematic diagram of a solid electrolyte.83 Reproduced with permission.83 Copyright 2018, Elsevier. (G) Battery power
supply duration test.117 Reproduced with permission.117 Copyright 2021, Elsevier.
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focus. Recent developments have yielded wearable sen-
sors (Figure 5E) incorporating CNT/ionic liquid com-
posites within silk fiber matrices. Leveraging orthog
onally arranged microarchitectures, these systems ach-
ieve simultaneous high‐precision transduction of thermal
and mechanical stimuli.127 Compared with other sensing
mechanisms, electrochemical sensing can monitor a
wider range of medical indicators. Therefore, electro-
chemical sensors have shown great prospects in the field
of wearable electronics. Figure 5F is a schematic diagram
of the mechanism of an electrochemical biosensor.
Research leveraging this transduction mechanism has
yielded wearable sensors demonstrating exceptional
operational resilience. These devices sustain over 400
detection cycles while maintaining measurement fidelity,
exhibit machine‐wash durability, and preserve signal
stability under mechanical deformation. Crucially, they

enable continuous non‐invasive monitoring of human
lactate dynamics through epidermal biofluid analysis.67

However, it should be pointed out that such sensors often
face the challenge of accumulating biological or chemical
molecules on the surface area of the device, which hin-
ders the further commercialization and application of
such sensors.

Bioinspired by human skin's multifunctional trans-
duction capabilities, research has pioneered integrated
triboelectric‐piezoresistive sensing strata (Figure 6A).
This dual‐mechanism architecture enables synergistic
multimodal signal acquisition, providing robust technical
foundations for complex applications, including propri-
oceptive feedback systems in intelligent robotics. The
hybrid design addresses inherent limitations of unitary
transduction sensors in dynamic operational environ-
ments.128 Advancing beyond existing paradigms, an

F I GURE 5 Schematic diagram of different sensing mechanisms. (A) Resistive type.66 Reproduced with permission.66 Copyright 2020,
Springer Nature. (B) Capacitive type.125 Reproduced with permission.125 Copyright 2015, Wiley‐VCH. (C) Friction electric type.71

Reproduced with permission.71 Copyright 2020, Elsevier. (D) Piezoelectric type.126 Reproduced with permission.126 Copyright 2019,
American Chemical Society. (E) Piezoelectric and triboelectric.127 Reproduced with permission.127 Copyright 2019, Wiley‐VCH. (F) Bio‐
electrochemical sensors.67 Reproduced with permission.67 Copyright 2024, Wiley‐VCH.

152 - SUN ET AL.

 28369106, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/flm

2.70035 by C
ochraneC

hina, W
iley O

nline L
ibrary on [08/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



innovative structural configuration has been developed.
Research has yielded a mass‐producible three‐dimen-
sional arched triboelectric fabric (AS‐TEF) architecture
functioning as self‐powered strain sensors for intelligent
textiles. The AS‐TEF demonstrates exceptional micro‐
motion sensitivity, enabling deployment in sign lan-
guage interpretation systems via real‐time gesture
recognition.70 Notably, by deploying these fabric sensors
on five fingers (Figure 6B,C), the research team suc-
cessfully decoded and transmitted the phrase “You Un-
derstand” via coordinated finger motions. This break
through demonstrates the transformative potential of
textile‐based sensors in bridging communication barriers
and advancing adaptive human‐machine interfaces. Sig-
nificant advances in textile sensing have yielded a fully

textile‐based organic sensor with integrated pressure‐
temperature discrimination capabilities. This washable
platform leverages all‐organic components while main-
taining operational stability after laundering cycles.129 As
illustrated in Figure 6D, the sensor achieves seamless
textile integration while concurrently monitoring core
body temperature and cardiovascular rhythm. This
configuration establishes an integrated diagnostic plat-
form for continuous health surveillance. Notably, the
implemented intelligent sensing system enables real‐time
transmission of biometric data to mobile processing
units, with subsequent cloud database archiving. This
infrastructure demonstrates significant potential for pre-
emptive healthcare interventions through continuous
physiological analytics. Within the triboelectric sensing

F I GURE 6 Application scenarios of various fabric sensors. (A) Realize pressure sensing, which can be used for human robots.128

Reproduced with permission.128 Copyright 2022, Elsevier. (B) Fingertips made based on triboelectric sensors can be applied to sign
language recognition.70 Reproduced with permission.70 Copyright 2023, Elsevier. (C) The triboelectric signal of “You Understand”.70

Reproduced with permission.70 Copyright 2023, Elsevier. (D) A schematic diagram of textile sensors detecting multiple health indicators
and human‐computer interaction.129 C Reproduced with permission.129 Copyright 2023, Wiley‐VCH. (E) Real‐time monitoring of pulse and
respiratory signals.130 Reproduced with permission.130 Copyright 2020, American Association for the Advancement of Science. (F) A
schematic diagram of an intelligent textile used for simultaneously monitoring arterial pulse and temperature.131 Reproduced with
permission.131 Copyright 2022, Elsevier. (G) The temperature and pulse waveform measured by smart textiles before and after physical
exercise.131 Reproduced with permission.131 Copyright 2022, Elsevier. (H) Touch textile sensors to control robot hand gestures.132

Reproduced with permission.132 Copyright 2024, Springer Nature.
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domain, significant advances include highly sensitive all‐
fabric sensor arrays exhibiting sub‐100 ms response la-
tency and superior mechanical compliance.130 Strategic
integration of sensors at the textile cuff and thoracic re-
gions enables concurrent monitoring of arterial pulsation
and respiratory cycles (Figure 6E). Mirroring this
approach, complementary research has developed intel-
ligent fabrics capable of synchronous body thermography
and pulse wave detection. These systems exhibit excep-
tional sensitivity while maintaining sub‐second response‐
recovery dynamics.131 As shown in Figure 6F,G, the
fabric sensor can accurately detect changes in tempera-
ture and pulse before and after human movement and
compare and analyze them, providing strong support for
sports health monitoring.

In addition, more preparation strategies, material
systems, and sensing mechanisms for fabric sensors are
being studied. Advanced fabrication methodologies now
employ protein‐engineered conductive hydrogels ‐ spe-
cifically silk fibroin‐based ionic conductors (SIH) ‐ as
structural building blocks for textile‐integrated sensing
platforms.132 This fiber demonstrates superior ductility,
fracture resistance, operational stability, and electrical
conductivity, enabling robust architectures for intelligent
textile sensors. Utilizing this substrate, research has
engineered tactile‐localization textiles capable of precise
finger‐position mapping (Figure 6H). User interaction
with these textiles facilitates intuitive robotic hand
manipulation, establishing advanced human‐machine
interfaces. The implemented surface capacitive sensing
system achieves selective responsiveness to bioelectrical
signatures while rejecting mechanical noise interference,
ensuring sensing fidelity under operational constraints.

5 | FABRIC DISPLAY

As the most important and widely accepted way for us to
receive external information, vision is the most critical
way for us to obtain information. Therefore, research on
display technology has been widely studied by people.
With the development of display devices from rigid
planar structures to flexible films, people have begun to
pay attention to fabric display technology that can match
smart electronic fabric products.

The earliest research direction on flexible light‐
emitting devices mainly focused on directly printing or
manufacturing traditional 2D devices on flat fabrics or
integrating rigid light‐emitting diodes directly into fabric
fibers, thus enabling light‐emitting devices to obtain the
flexibility of fabric substrates.139,140 The devices produced
by this method have high luminous efficiency because
their production process is relatively mature. However,

due to some unavoidable drawbacks in the production
process, the breathability of this light‐emitting device is
relatively poor and it is difficult to match the comfort
requirements as a wearable electronic device; in addition,
how to produce such devices on a large scale will also be
a challenging problem. Figure 7A depicts a wirelessly
powered wearable LED system integrated onto textile
substrates, exhibiting exceptional operational stability.
Fabrication involves laminating the textile to optoelec-
tronic components via transparent adhesive interlayers,
with device encapsulation completed by polymer over-
layers.133 While this configuration delivers effective
electroluminescent performance, its breathability is
significantly compromised by multi‐layer encapsulation.
Contrastingly, Figure 7B demonstrates an organic light‐
emitting diode integrated onto textile platforms. Investi-
gative efforts demonstrate a sacrificial‐layer‐assisted sur-
face replication methodology requiring merely a 0.5‐μm
planarization layer to yield glass‐grade topographies on
woven substrates.134 This approach enhances the con-
formality of light‐emitting devices on textiles while
mitigating wearer discomfort. Subsequent research has
established a textile‐centric fabrication paradigm for
alternating current electroluminescent devices (ACELs)
(Figure 7C). The methodology laminates stretchable
semi‐transparent textile electrodes between compliant
luminescent layers, yielding mechanically resilient
ACELs with minimized mass density.135 However, the
emission voltage of ACEL devices usually exceeds 100 V,
so the safety of such devices is a problem that needs to be
addressed.

The preparation of the above flexible light‐emitting
devices essentially still relies on the manufacturing pro-
cess of planar light‐emitting devices, without fully
considering and utilizing the interwoven fiber structure
of fabrics. Based on the fiber structure of textiles, another
path to achieve fabric display technology is to directly
weave luminescent fibers into textiles. Various lumines-
cent technologies, such as organic light‐emitting diodes,
inorganic light‐emitting diodes, and polymer luminescent
electrochemical cells, have been used in luminescent fi-
bers.136,137 Figure 7D shows the structure of an electro-
luminescent fiber, and Zhai et al. successfully prepared
an electroluminescent (EC) fiber with a transparent
conductive layer and parallel dual electrodes through a
continuous layer‐by‐layer coating process. Briefly, the
structure for EC fibers consists of the working electrode,
indium tin oxide layer, EC active layer (viologen‐based
EC‐gel) layer, AANWs conductive layer, parallel dual‐
electrode, and polyethylene (PE) protective layer, which
was coated sequentially from the inside to the outside
layer.136 The luminescent fiber exhibits excellent
controllability and electrochemical stability when woven
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into textiles. In addition, the use of luminescent fibers
from polymer luminescent electrochemical cells to pro-
duce fabric display devices is also a direction of concern,
as it has advantages such as low operating voltage, high
luminescence, and rich luminescent colors. The lumi-
nescent fiber also has a coaxial structure, including a
metal wire cathode and a CNT anode, with an electro-
luminescent polymer layer sandwiched between the two
electrodes137 (Figure 7E).

The use of luminescent fibers to weave luminescent
displays has a fatal drawback, as this type of display can
only display pre‐woven patterns, greatly reducing
human‐computer interaction. People have discovered
that textiles made by weaving methods inherently have
crossing points, so they have envisioned using crossing
point luminescence to construct display devices. The
basic structure of this type of light‐emitting device is

shown in Figure 7F, with transparent conductive fibers as
the weft yarn and conductive fibers with certain lumi-
nescent materials or functions on the surface as the warp
yarn. The warp and weft yarns are in close contact at the
intersection point, and when there is an external power
source, a uniform electric field is generated at the inter-
section point to excite the luminescent material and form
a stable luminescent point. Hu et al. used non‐precious
metals to construct conductive channels inside commer-
cial fiber electrodes to design alternating current induced
luminescence (ACEL) fibers.77 The obtained ACEL fiber
electrode and transparent fiber electrode are further
interwoven to form a fabric display, which has good
luminescent performance. In addition, Figure 7G shows
the luminous effect of this display device when bent,
stretched, or curled. It is worth noting that the
manufacturing of such display devices heavily relies on

F I GURE 7 Different fabric display technologies. (A) Schematic diagram of wireless powered wearable μLED.133 Reproduced with
permission.133 Copyright 2018, Elsevier. (B) Schematic diagram of textile OLED.134 Reproduced with permission.134 Copyright 2020,
Springer Nature. (C) A structural diagram of a textile ACEL device.135 Reproduced with permission.135 Copyright 2020, Elsevier. (D) A fiber
structure diagram of electroluminescence.136 Reproduced with permission.136 Copyright 2024, Wiley‐VCH. (E) Structure diagram of
polymer luminescent electrochemical fibers.137 Reproduced with permission.137 Copyright 2020, Springer Nature. (F) Schematic diagram of
intersection point illumination.77 Reproduced with permission.77 Copyright 2024, Springer Nature. (G) Physical images of cross‐point light‐
emitting devices in different bending states.138 Reproduced with permission.138 Copyright 2024, American Association for the
Advancement of Science. OLED, organic light‐emitting diode.
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the stability during fiber preparation and weaving pro-
cesses. In addition, there needs to be peripheral circuit
design to ensure orderly light emission at each intersec-
tion point.

Lower driving voltages translate to enhanced opera-
tional safety and superior power efficiency. An emerging
approach integrates phosphorescent organic light‐
emitting diodes (phOLEDs) with addressable configura-
tions on cylindrical fiber optic substrates (Figure 8A).
This technology not only reduces energy consumption
but also opens up new directions for the design of light‐
emitting devices.141 In order to further promote the
development of fiber optic light‐emitting devices toward
smarter and safer directions, researchers have proposed a
new light‐emitting principle that can respond to the
electromagnetic energy of the human body, thereby
achieving wireless transmission and processing of infor-
mation (Figure 8B). This discovery greatly expands the
application fields and development ideas of light‐emitting
devices. In addition to the improvement of device per-
formance, production cost is also a key factor deter-
mining its commercialization level. Kwon et al. made
significant contributions in this regard. They successfully
applied the traditional method of manufacturing planar
OLEDs to the manufacturing of fiber light‐emitting
electronic devices without reducing the device's lumi-
nous efficiency and lifespan (Figure 8C).142 This
achievement provides a practical and feasible path for the
large‐scale production of fiber light‐emitting electronic
devices, which will help promote their commercialization
process.

However, in practical applications, the working envi-
ronment of such devices is often complex and varied.
Therefore, the stability of fabric display electrons under
salt solution environments and multiple pressing condi-
tions has also become a problem worthy of further
research. From Figure 8D,E, we can see that although the
optical characteristics of the devices were indeed damaged
to some extent under these conditions, they were still able
to operate reliably. This to some extent validates the
durability of such devices and provides strong support for
their promotion in practical applications.

With the continuous improvement of the luminous
effect of devices, the simple display function is no longer
able to meet people's expectations and requirements for
smart fabrics. Therefore, more and more research is
focusing on how to combine fabric display modules with
other functions to achieve richer and more diverse
applications.144–146 For example, combining fabric
display modules with EEG decoding technology can
achieve real‐time monitoring and feedback of brain ac-
tivity; or mimic the camouflage and color changing
function of organisms, allowing fabrics to change color

according to environmental changes. It can also be
combined with touch sensing, temperature sensing, and
other technologies to achieve information display,
transmission, and interaction (Figure 8F–G). These
innovative applications not only enhance the function-
ality and practicality of smart fabrics but also point out
the direction for the future development of smart textiles.

6 | FABRIC MEMRISTOR

With the increasingly prominent issues of power and
storage walls in computer architectures based on von
Neumann, neural morphological computing as a new
computing paradigm has received widespread atten-
tion.62,147 Memristor, as a new type of neuromorphic
electronic device, has the ability to simulate the inter-
connection and information transmission between neu-
rons, making it the best hardware for implementing
neuromorphic computing.148–150 The resistance state of a
memristor can vary between high and low and often has
multiple resistance states.151,152 Traditionally, memristor
arrays have a crossbar structure, consisting of a hori-
zontal bar electrode, a vertical bar electrode, and a
resistive material between the two electrodes. This
structure is naturally similar and compatible with the
fiber structure interwoven with textiles.

A fabric memristor structure, as shown in Figure 9A,
in which a metal wire and another fiber grown with
resistive switching material are closely connected
through a fabric‐like stacking method.74 A typical
microstructure of a memristor was formed at the contact
site, and Figure 9B shows the microscopic conductivity
mechanism of a memristor.153

Due to the similarity between the construction
method of memristors and fabrics and the fact that the
calculation module has always been a missing compo-
nent in electronic textiles. Therefore, people came up
with the idea of developing fabric memristors. The
development difficulty of fabric memristors mainly lies in
the manufacturing of the intermediate resistive switching
layer and the subsequent assembly process. Regarding
the manufacturing of the resistive layer, it is necessary to
uniformly grow an active resistive layer on 1D metal fi-
bers. This is different from the planar growth process, so
many traditional planar thin film growth processes are
difficult to apply. The currently commonly used methods
for growing resistive layers on metal fibers include atomic
layer deposition, EPD, etc. The EPD method seems to be
a more suitable process for preparing textile memristors.
The atomic layer deposition method requires continuous
blowing of reaction gases into the reaction chamber to
achieve deposition. This deposition method can achieve
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good film quality, but the speed is slow, and there is a risk
of blowing away the metal fibers. And EPD technology
can ensure good film quality and complete preparation
quickly. Figure 9C shows the microscopic mechanism of
the EPD process.60

Figure 9D shows the resistance switching character-
istics of a memristor, which is a typical bipolar resistance
switch.154 The transition from high‐resistance state to
low‐resistance state and from low‐resistance state to
high‐resistance state requires bias voltages of different
polarities. The reason why memristors can mimic the
connections between neurons is that their multi‐level
controllable conductivity characteristics can well simu-
late synaptic plasticity and the sensing function of

neurons. The weight changes of biological synapses are
continuous, so further research is needed on the con-
ductivity modulation ability of memristors. Twenty
consecutive negative pulses enhanced device conductiv-
ity; the subsequent 20 pulses suppressed it. Conductance
modulation was recorded after each stimulus
(Figure 9E).158 Consistent conductivity variation across
five cycles confirms robust modulation capability. In
addition, paired pulse facilitation (PPF) is also an
important short‐term phenomenon.156 In neurobiology,
PPF refers to the phenomenon where when two identical
or similar stimulus pulses are continuously applied to a
synapse, the second pulse generates a larger postsynaptic
potential than the first pulse. In memristors, the PPF

F I GURE 8 Application scenarios and testing of different fabric light‐emitting devices. (A) Schematic diagram of fiber‐based textile
display and enlarged schematic diagram of display contact area, emission area, and interlocking fiber optic.141 Reproduced with
permission.141 Copyright 2021, Wiley‐VCH. (B) Physical image of human‐coupled luminescent fibers.68 Reproduced with permission.68

Copyright 2024, American Association for the Advancement of Science. (C) The luminescence of fiber OLED.142 Reproduced with
permission.142 Copyright 2017, American Chemical Society. (D) The variation of luminescent fiber brightness over time in salt solution.69

Reproduced with permission.69 Copyright 2022, Wiley‐VCH. (E) The brightness value changes after different pressing times.69 Reproduced
with permission.69 Copyright 2022, Wiley‐VCH. (F) The combination of sensors and light‐emitting devices enables information
transmission.143 Reproduced with permission.143 Copyright 2022, Elsevier. (G) Express mental state by decoding representative
electroencephalogram signals.144 Reproduced with permission.144 Copyright 2021, Springer Nature. (H) Imitating biological color‐changing
ability through information recognition and a fabric display module.145 Reproduced with permission.145 Copyright 2018, Wiley‐VCH.
(I) Comprehensive display module.146 Reproduced with permission.146 Copyright 2022, Springer Nature. OLED, organic light‐emitting
diode.
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behavior is manifested by the fact that when two identical
or similar voltage pulses are continuously applied, the
resistance change of the memristor under the action of
the second pulse will be more significant than that under
the action of the first pulse. The PPF behavior of mem-
ristors has potential application value in fields such as
neuromorphic computation. By simulating the dual pulse
stimulation process of neural synapses, the resistance
dynamics of memristors can be understood, thereby
achieving the calculation of biological synaptic function
and neural morphology. Figure 9F shows the graph of the
variation of the PPF parameter of a memristor with the
interval time (the interval time between two pulses). As
the interval time increases, the PPF index shows a
decreasing trend.156 Using laboratory measurements of
LTP and LTD data with high linearity and symmetry, and
then constructing a neural network based on the back-
propagation algorithm for learning and recognizing

images. Figure 9G shows the function of recognizing
handwritten digits using a crossbar memristor array.157

Currently, utilizing the LTP and LTD characteristics of
memristors for digit and letter recognition has become a
widely implemented task and can achieve very high ac-
curacy (Figure 9G).

The computational potential of memristors, as a new
type of neuromorphic device, goes far beyond what is
mentioned above. Their parallel operation and memory
computing characteristics are naturally suitable for ma-
trix operations.161–164 Therefore, the potential of pro-
cessing units manufactured with this new architecture in
AI is very promising; at present, a more practical goal and
hope is to use it for edge computing.165,166 And the
structure of the memristor is very similar and compatible
with the fabric structure, which makes flexible fabric
memristors promising to make up for the missing part of
the computing module in fabric electronic devices. At

F I GURE 9 Structure and related characteristics of memristors. (A) Structure diagram of fabric memristor.74 Reproduced with
permission.74 Copyright 2020, Wiley‐VCH. (B) Schematic diagram of low resistance state of memristor.153 Reproduced with permission.153

Copyright 2023, IEEE. (C) Microscopic schematic diagram of electrophoretic deposition (EPD).60 Reproduced with permission.60 Copyright
2020, Wiley‐VCH. (D) Storage characteristic curve.154 Reproduced with permission.154 Copyright 2021, Elsevier. (E) LTP and LTD
features.155 Reproduced with permission.155 Copyright 2022, Wiley‐VCH. (F) PPF characteristic curve.156 Reproduced with permission.156

Copyright 2024, Wiley‐VCH. (G) Schematic diagram of a neural network constructed using memristors.157 Reproduced with permission.157

Copyright 2022, Wiley‐VCH. (H) Comparison between the neural network calculation results achieved using memristors and the ideal
results.157 Reproduced with permission.157 Copyright 2022, Wiley‐VCH. PPE, paired pulse facilitation.
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present, research on integrating flexible fabric mem-
ristors as computing modules into clothing has also made
some progress.

Recently, research on integrating flexible fabric
memristors as computing modules into clothing has also
made some progress. Researchers designed and prepared
a fiber‐shaped artificial optoelectronic synapse, which
can achieve different synaptic behaviors induced by light
and electricity on the device. Figure 10A,B show a sche-
matic diagram of its application as an optoelectronic
synapse device on fabrics and for optical information
perception and memory, demonstrating the visual
perception and memory capabilities of fabrics manufac-
tured based on this type of device and demonstrating its
potential in developing wearable visual perception stor-
age systems.159 In addition, the team has also developed
an ion synaptic fiber and used it to create a multiplexed
neural morphological sensory system based on textile
products, which can integrate, transmit, process, output,

and control the movement of muscle fibers through pre‐
neuronal sensory information. As shown in Figure 10C,
when stimulated with light pulses and electrical pulses,
respectively, the synaptic fibers can respond and pull the
car and lift heavy objects or control the artificial bionic
arm. This work demonstrates the enormous potential of
synaptic fibers in wearable electronics, soft robotics, and
biomedical engineering.

Beyond optoelectronic memristive fibers, developing
low‐power textile‐based memristors represents a signifi-
cant research direction. Reconfigurable memristive de-
vices capable of volatile/non‐volatile mode switching
with ultralow power consumption have been demon-
strated. Integrated intelligent thermoregulation systems
utilize such memristors as information‐processing cores
coupled with heating resistors (Figure 10D).33 This
approach extends pathways for embedding fabric mem-
ristors as computational units in wearable electronics to
enable cognitive functionality. Furthermore, textile

F I GURE 1 0 Application of Fabric Memristor. (A) A physical image of fabric neural morphology devices woven into clothing.159

Reproduced with permission.159 Copyright 2020 Wiley‐VCH. (B) A schematic diagram for information perception and storage.159

Reproduced with permission.159 Copyright 2022, Elsevier. (C) Fiber optic neuromorphic devices control the movement of external objects.63

Reproduced with permission.63 Copyright 2024, National Academy of Sciences. (D) The workflow diagram of an intelligent temperature
control system built using fabric reconfigurable memristors.61 Reproduced with permission.61 Copyright 2022, Springer Nature.
(E) Schematic diagram of an electrocardiogram monitoring system built with fabric memristors.60 Reproduced with permission.60

Copyright 2022, Wiley‐VCH. (F) Schematic diagram of the EEG monitoring system built with fabric memristors.160 Reproduced with
permission.160 Copyright 2023, Wiley‐VCH.
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memristors facilitate health monitoring applications.
High‐flexibility memristive fibers fabricated via electric‐
field‐assisted deposition form expandable woven arrays
exhibiting exceptional inter‐device consistency.
Figure 10E illustrates such arrays functioning as elec-
trocardiographic signal processing units with integrated
analytical readouts.32 Specifically, the collected electro-
cardiogram signals are input into an artificial neural
network based on textile memristors, and through
continuous learning and comparison, different electro-
cardiogram signals can be classified more accurately.
Based on different devices, the team also achieved the
recognition and classification of EEG signals using fabric
memristors using the same approach (Figure 10F).135

Figure 10G shows the accuracy of this recognition
pattern, with an accuracy rate of up to 95%. The excellent
accuracy indicates the enormous potential of textile
memristors in monitoring human health and other
aspects.

7 | CONCLUSION

A fundamental aspect of understanding electronic textiles
lies in distinguishing the dimensional hierarchy of their
constituent materials and the final constructed forms.
The primary building blocks are one‐dimensional (1D)
fibers, which are characterized by their high aspect ratio
(length ≫ diameter), flexibility, and ability to serve as
functional units for conduction, sensing, energy storage,
or emission. These 1D fibers are then assembled into
macroscopic structures using conventional textile tech-
niques such as weaving, knitting, or embroidery.
Weaving or knitting 1D fibers typically results in two‐
dimensional (2D) fabrics.

These structures are characterized by their planar,
sheet‐like geometry, which can conform to curved sur-
faces like the human body but are essentially thin in the
out‐of‐plane direction. Further fabrication processes,
such as stacking multiple 2D fabric layers, employing
advanced 3D weaving/braiding techniques, or creating
spacer fabrics with a substantial thickness, lead to three‐
dimensional (3D) textile architectures. These structures
possess significant volume in all three spatial dimensions,
offering enhanced porosity, complex structural integrity,
and the potential for integrating multifunctional com-
ponents within their bulk. It is crucial to note that while
the final integrated textile product may be a 2D sheet or a
3D construct, its electronic functionality predominantly
originates from the 1D fiber‐based devices that are in-
terlaced within its structure. Therefore, the paradigm of
“1D fiber‐based fabric devices” refers to systems where
the core functional unit is the 1D fiber, whose unique

properties are leveraged and scaled up through textile
assembly to create functional 2D or 3D smart fabrics.

This article systematically reviews the research prog-
ress of 1D fiber‐based wearable electronic textiles in po-
wer supply, sensing, display, and neuromorphic
computing. With the rapid development of wearable
electronics and smart textiles, electronic fabrics have
become a critical interface bridging the digital and
physical worlds. From the perspectives of manufacturing
methods, material systems, and functional devices, the
paper explores core technologies of electronic textiles,
with focused analysis on four key modules in intelligent
systems: fabric batteries, fabric sensors, fabric displays,
and fabric memristors.

In terms of manufacturing, electronic textiles achieve
efficient production through fiber drawing processes, dip‐
coating techniques, gel extrusion, and EPD. Material se-
lection spans metals, conductive polymers, carbon‐based
materials, and crystalline compounds, balancing con-
ductivity, mechanical elasticity, and functional scalabil-
ity. For different devices: 1D fiber batteries significantly
improve energy density and mechanical stability through
optimized electrode materials and structural design,
addressing integration challenges of traditional rigid po-
wer modules; fabric sensors leverage fiber flexibility to
achieve high‐sensitivity detection of pressure, tempera-
ture, and chemical signals, showing promise in health
monitoring and environmental perception; 1D fiber
display technology breaks traditional rigid screen limi-
tations via woven flexible light‐emitting units, providing
breathable and comfortable interfaces for human‐
machine interaction; fabric memristors, as core compo-
nents of neuromorphic computing, utilize the low‐power
and high‐integration advantages of 1D structures to
advance breakthroughs in parallel computing and storage
for smart textiles.

The unique morphology of 1D fiber‐based fabric de-
vices demonstrates distinct advantages over 2D or 3D
flexible counterparts. First, regarding wearability, 1D fi-
ber fabrics exhibit superior breathability and lightweight
characteristics through their porous structure. While
traditional 2D flexible devices may impede sweat evapo-
ration when covering skin surfaces, the open‐pore ar-
chitecture of fiber textiles allows air and moisture
circulation, enabling prolonged comfortable wear. The
linear morphology of fibers minimally adds weight
compared to bulkier 3D structures that restrict mobility.
Second, 1D fibers achieve scalable production through
mature textile technologies like industrial spinning,
knitting, or embroidery. For instance, blending conduc-
tive fibers with regular yarns creates functional fabrics
with significantly reduced manufacturing costs, whereas
2D/3D devices often rely on complex lithography or 3D
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printing techniques unsuitable for mass production.
Functionally, 1D fibers enable flexible distribution of
multiple units (e.g., distributed sensors or energy har-
vesters) along their length, forming spatially continuous
networks. In contrast, 2D devices are limited to planar
coverage, while 3D structures may compromise spatial
adaptability due to geometric complexity. Moreover, 1D
fibers can be woven into 3D elastic electrode networks
that conform to body contours and dynamically adapt to
movement—a multidimensional flexibility unattainable
by conventional rigid/semi‐rigid 3D devices. Finally, 1D
fiber devices demonstrate enhanced fatigue resistance
and environmental durability. Post‐treatment processes
like waterproof coatings improve washability, whereas
2D flexible devices often degrade through delamination
or encapsulation failure during cleaning.

The core advantages of 1D fiber‐based textiles stem
from their inherent compatibility with textile systems,
distributed functional scalability, and adaptability to
complex deformations and wearability requirements.
While 2D devices remain irreplaceable for localized high‐
precision sensing (e.g., electronic skin) and 3D structures
excel in biomimetic applications (e.g., soft robotics), 1D
fibers show broader prospects in smart textiles, wearable
medical devices, and eco‐friendly flexible electronics.

8 | CHALLENGE AND OUTLOOK

In the era of information technology and big data, sig-
nificant breakthroughs and advancements have been
made in smart wearable electronics. As the most prom-
ising field of wearable electronics, textile‐based electronic
devices are poised for widespread applications. However,
research in textile electronics remains in its early stages,
with numerous challenges to overcome before achieving
true commercialization.

While flexibility is a cornerstone for the conformal
integration of electronics with textiles, it simultaneously
introduces significant challenges, including mechanical
fatigue, interfacial delamination, and performance
degradation under repeated deformation. To address
these inherent issues, a multi‐faceted strategy encom-
passing materials, structure, and systems engineering has
emerged. At the material level, the incorporation of self‐
healing polymers or nanocomposite coatings enhances
intrinsic mechanical robustness, allowing the material to
recover its functionality after damage. Structurally,
designing fibers with helical or serpentine layouts helps
to distribute strain more evenly, preventing localized
stress concentrations that lead to failure. On the encap-
sulation front, the application of thin‐film barriers—such
as alumina (Al2O3) deposited via atomic layer deposition

(ALD)—provides excellent protection against environ-
mental factors like moisture and oxygen, thereby signif-
icantly improving operational stability. Furthermore, at
the systems level, the integration of real‐time calibration
circuits offers a dynamic compensation mechanism to
mitigate drifts in memristive behavior, ensuring compu-
tational accuracy over the device's lifetime. These syner-
gistic approaches, working in concert from the nano to
the macro scale, are paving the way for the development
of durable, reliable, and high‐performance neuromorphic
computing systems woven directly into the fabric of our
wearables.

The commercialization of fabric neuromorphic sys-
tems is critically dependent on their reproducibility and
long‐term stability under real‐world conditions, which
invariably involve repeated washing cycles, prolonged
sweat exposure, and mechanical abrasion. To meet these
stringent requirements, future research must focus on
several key frontiers. First, the establishment of stan-
dardized testing protocols for washability and mechanical
durability is imperative to provide comparable and reli-
able performance benchmarks across the industry. Ma-
terial innovation should pivot toward developing self‐
healing or regenerative materials that can autono-
mously recover their electrical and mechanical properties
after damage. Concurrently, advanced encapsulation
technologies must be engineered to offer robust protec-
tion against moisture and chemical corrosion while
maintaining essential fabric breathability for wearer
comfort. Furthermore, to ensure computational fidelity
over time, the integration of on‐device calibration algo-
rithms will be crucial to dynamically compensate for
performance drifts in memristive synapses. By systemat-
ically addressing these challenges through a combination
of standardized evaluation, resilient materials, intelligent
encapsulation, and adaptive circuitry, the path toward
durable and trustworthy intelligent textiles can be firmly
established.

A more forward‐looking challenge lies in integrating
devices with diverse functionalities into multimodal,
multifunctional smart textile microsystems (as illustrated
in Figure 11). This integration requires more than phys-
ical assembly—it necessitates artificial intelligence (AI)
as a core enabler. Embedded machine learning algo-
rithms enable multi‐source data fusion and intelligent
decision‐making. For instance, deep learning models can
synchronously analyze signals from strain sensors, bio-
potential electrodes, and environmental humidity de-
tectors to construct real‐time holographic profiles of
users' physiological states and motion patterns. This
evolution aligns not only with technological demands but
also with applications spanning daily life, healthcare, and
fitness. Such intelligent textile microsystems can perform
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environmental monitoring, physiological signal detec-
tion, energy harvesting/storage, communication, infor-
mation processing, and smart feedback. AI further
expands their capabilities: adaptive algorithms dynami-
cally optimize energy allocation to prioritize critical
sensors in low‐power modes, while reinforcement
learning frameworks autonomously adjust interaction
logic based on user behavior, transforming systems from
passive responders to proactive service providers. These
advancements will significantly broaden wearable elec-
tronics' application scenarios.

In healthcare, smart textiles integrating sensors, pro-
cessors, and wireless transmission units can continuously
monitor patients' vital signs and transmit data to the
cloud for remote observation and timely intervention. By
combining edge computing with AI diagnostic models,
such systems can locally process key metrics like ECG
and respiratory rates, enabling early warnings for ar-
rhythmias or respiratory distress and drastically reducing
response times from data acquisition to clinical action. In
sports and fitness, smart textile microsystems analyze
exercise data through neural networks to assess move-
ment precision and generate personalized training rec-
ommendations based on physiological parameters
(e.g., muscle activation levels and metabolic rates).
Additionally, integrated features like music playback and
call handling, enhanced by natural language processing,
enable voice‐command interactions for a more conve-
nient and enjoyable workout experience.

Deeper integration of intelligence manifests in sys-
tems' self‐evolution capabilities. For example, federated

learning frameworks allow distributed wearable devices
to collaboratively train models while preserving user
privacy, continuously improving accuracy in posture
recognition or disease prediction. This collective intelli-
gence transforms textile electronic systems from isolated
data terminals into global networks for health monitoring
and knowledge discovery.

Thus, developing multimodal, multifunctional smart
textile microsystems represents both an inevitable trend
in textile electronics and a vital pathway to meet diverse
human needs. The synergy between AI and textile elec-
tronics is driving wearable devices beyond “data collec-
tors” into “cognitive enhancement platforms”—capable
of not only sensing environmental and physiological
states but also understanding contextual demands, pre-
dicting risks, and making human‐like decisions. With
continued interdisciplinary efforts, AI‐empowered textile
electronics will undoubtedly usher in a new era of
intelligent wearables characterized by cognitive
interaction.

The successful and reliable integration of smart elec-
tronics into fabrics hinges on strategic approaches that
prioritize both functionality and practical durability.
Among the most promising methods, weaving and knit-
ting stand out by directly incorporating functional fibers
into the textile structure during manufacturing; this
intrinsic integration ensures superior mechanical stabil-
ity, washability, and preserves the inherent breathability
and comfort of the fabric. Alternatively, printing and
coating techniques employ stretchable conductive inks or
polymers to create conformal circuits directly onto fabric

F I GURE 1 1 Future prospects of electronic fabric technology.
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surfaces, offering exceptional design flexibility for com-
plex patterns and enabling the functionalization of
finished textiles. For more complex or non‐flexible com-
ponents, modular attachment provides a robust solution,
where electronic units are encapsulated in waterproof,
durable casings and then detachably affixed to the
garment; this approach facilitates easy replacement,
maintenance, and upgrade of electronic functions,
addressing concerns over longevity and user conve-
nience. Collectively, these methodologies strike a critical
balance between performance, durability, and manufac-
turability, thereby laying a solid foundation for the scal-
able commercial adoption of intelligent textile systems.
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