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Stretchable conductive fibers (SCFs) are central to the advancement of electronic textiles (E-textiles), providing
reliable electrical performance under large mechanical deformation. Conventional conductive fibers, often
constrained by rigidity and mechanical failure, have been surpassed by SCFs that integrate structural engi-
neering, advanced conductive materials, and scalable processing strategies. This review delivers a systematic
overview of recent progress, addressing key performance parameters such as stretchability, elastic modulus,
initial conductivity, and gauge factor. Particular emphasis is placed on structural designs and material strategies
that tailor mechanical compliance and electrical stability, as well as fabrication methods that enable scalable
implementation.

A distinguishing feature of this work is the quantitative evaluation of 124 studies reported over the past
decade, establishing correlations between structural designs, conductive material dimensionalities, and com-
bined electrical-mechanical properties. The analysis highlights how the choice of conductive material and
structural geometry governs stretchability, conductivity, and strain response, offering generalizable insights that
extend beyond individual case studies. In addition, remaining unresolved challenges, including wash durability,
biocompatibility, chemical stability, and dyeability, all of which are indispensable for practical application, were
discussed in depth. By consolidating qualitative trends with quantitative evidence, this review not only provides
a comprehensive overview of the current state of SCF research but also outlines strategic directions for advancing
their transition from laboratory prototypes to scalable and commercially viable E-textile systems.

1. Introduction electronic devices, as they can be integrated into garments to improve

human health and quality of life [3]. E-textiles go beyond the aesthetics,

Deformable electronic devices that maintain their electrical func-
tionality even under large deformations can naturally conform to human
skin, offering significant potential for applications in diverse fields such
as healthcare, military, sports, soft robotics, and virtual/augmented
reality [1,2]. In particular, electronic textile (E-textile), a form of
deformable electronics developed through recent advances in materials
science and nanotechnology, is gaining attention as next-generation

protection, and insulation functions that conventional textiles and gar-
ments have provided for thousands of years, demonstrating capabilities
in sensing, energy harvesting, heating, and more [4,5].

Conductive fibers, typically characterized by a high aspect ratio (e.g.,
greater than 50), are essential for stable signal transmission and infor-
mation exchange in E-textiles, and thus must exhibit sufficiently high
electrical conductivity [6-8]. To date, such fibers have primary been
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fabricated by employing fine conductive metal wires and by incorpo-
rating or coating conductive materials onto conventional yarns [9].
However, the conductive fibers fabricated using rigid conductive ma-
terials often neglect the need for stretchability, making them prone to
mechanical failure under deformation. This limits the electrical and
mechanical durability of E-textiles and restricts their ability to conform
to dynamic body movements during long-term wear, resulting in po-
tential discomfort by skin pressure [10,11].

A promising alternative to conventional conductive fibers is the
stretchable conductive fiber (SCF), which offers notable advantages such
as high stretchability and stable electrical performance under mechan-
ical strain. The term ‘stretchable’ is often interpreted similarly to
‘elastic’, as it implies not only the ability to elongate but also to recover
to the original configuration [12]. This is a critical requirement in the
field of E-textiles, where fibers must accommodate dynamic de-
formations induced by human motion. Over the past decade, research on
SCFs has gained substantial momentum and now represents an
expanding share of the overall E-textile research landscape (Fig. 1),
underscoring their strong potential for future development [13].

This review aims to provide a comprehensive overview of research
trends in SCFs, organized into materials and structural designs, fabri-
cation methods, and emerging applications. Notably, to the best of our
knowledge, this is the first study to provide a quantitative analysis of
recent advances and distinctive characteristics in diverse research ap-
proaches to SCFs, based on 124 studies published over the past decade,
with particular emphasis on both electrical and mechanical perfor-
mance. Section 2 introduces the key performance metrics of SCFs,
including stretchability, elastic modulus, initial conductivity, and gauge
factor. Section 3 discusses strategies in structural design, material se-
lection, and fabrication methods to enhance stretchability and optimize
electrical performance. Section 4 highlights recent applications of SCFs
in functional components such as stretchable bio-electrodes, sensors,
heaters, displays, and energy harvesters. Section 5 presents a quantita-
tive analysis of previous studies, and critically discusses the effects of
structural designs, material dimensionality, and material types on SCF
performance based on are graphical illustration. Finally, Section 6 out-
lines future research directions and technical challenges for the practical
implementation of SCFs. This review is expected to serve as a compre-
hensive and structured reference for researchers in the fields of
stretchable devices and E-textiles, while also providing clear directions
to advance future research, practical implementation, and technological
innovation.
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2. Key properties of SCFs

To enable their practical use in E-textile subjected to diverse me-
chanical deformations, SCFs must ensure wearer comfort while main-
taining both mechanical and electrical performance. Achieving this
necessitates careful consideration of essential physical parameters, such
as stretchability, elastic modulus, initial conductivity, and a gauge factor
(GF). As these properties are interdependent, the materials, structural
designs, and fabrication techniques should be comprehensively opti-
mized to tailor the fibers for specific performance requirements [2].

2.1. Mechanical properties of SCFs

2.1.1. Stretchability

SCFs are required to possess substantial stretchability to accommo-
date the natural mechanical deformations associated with human body
movements. Specifically, anatomical regions such as the wrist, knee,
elbow, and shoulder undergo significant stretching and bending during
typical motion. For example, the knee experiences a strain of approxi-
mately 43 %, the elbow around 44 %, the wrist about 22 %, and the
shoulder approximately 38 % [14-16]. Since various body regions un-
dergo substantial mechanical deformation, SCFs must be designed to
accommodate the deformation required for different E-textile applica-
tions, including sportswear, rehabilitation garments, and military
wearable systems. SCFs should also exhibit high cyclic stretchability,
defined as the capability to retain their mechanical integrity and stable
electrical performance under repeated stretching-release cycles ranging
from thousands to hundreds of thousands. This characteristic serves as a
critical indicator of the long-term reliability, durability, and commercial
viability of stretchable conductive fibers in practical wearable systems.

2.1.2. Elastic modulus

The elastic modulus, which reflects the slope of the linear segment in
a stress-strain curve, is a critical mechanical parameter indicating how
much the fiber deforms under applied force. This property directly af-
fects key performance metrics, including flexibility and stretchability,
response and recovery times, as well as mechanical durability [11,17].

Fibers with a high elastic modulus tend to become rigid, which re-
duces durability and impairs wearer comfort by hindering natural body
movements. When used as bio-electrodes, their high stiffness prevents
conformal contact with the skin, making accurate bio-signal detection
challenging. Similarly, when employed as sensors, their rigidity hinders
precise signal detection under mechanical deformation. Recent studies
suggest that, to ensure adequate mechanical conformity with the skin,
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Fig. 1. The number of published research articles in each year about keywords of ‘electronic textiles (E-textiles)’ and ‘stretchable conductive fiber’ from 2010 to

2024. The data were obtained from the Web of Science by September 2025.
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the elastic modulus of SCFs should be lower than that of human skin,
which ranges approximately from 25 to 220 kPa [18]. To meet these
requirements, conductive materials with intrinsically low elastic
moduli, such as liquid metals, conductive hydrogels, conductive poly-
mers, and ionic liquids, have been incorporated into SCFs [19-22].
However, SCFs with excessively low elastic modulus may exhibit pro-
longed response and recovery times, as well as hysteresis (i.e., energy
loss during repetitive stretching and release cycles). Thus, selecting an
optimal elastic modulus tailored to the intended application is critical
for achieving desired functionality in SCFs [23].

2.2. Electrical properties of SCFs

2.2.1. Initial conductivity

The initial conductivity of SCFs is a critical parameter that defines
their electrical properties in the absence of mechanical deformation. For
SCFs to function reliably as interconnectors, electrodes, or wearable
heaters in practical E-textile applications, their initial conductivity must
remain high and stable [10,12,24,25]. Additionally, the fibers should be
resistant to changes in initial conductivity that could arise from corro-
sion of the conductive materials due to exposure to sweat or water [26].
In contrast, when SCFs are used in physical sensors for monitoring
pressure, strain, temperature, or humidity, high initial conductivity can
negatively impact sensitivity by reducing the degree of resistance
change [27,28].

The initial conductivity can be optimized through the careful selec-
tion of conductive materials, their dimensions, concentrations, and
related parameters. This optimization is strongly governed by percola-
tion theory, which explains that electrical resistance drops sharply once
the volume fraction of conductive fillers exceeds a critical threshold.
Beyond this point, the initial conductivity approaches saturation at a
high level. However, an excessive incorporation of fillers, although
maintaining high conductivity, undesirably increases the elastic
modulus of the fiber [29]. Therefore, in designing SCFs, it is essential to
judiciously determine both the type and concentration of conductive
materials to achieve an optimal balance between electrical performance
and mechanical properties [24].

2.2.2. Gauge factor

The gauge factor (GF) is the ratio of relative change in electrical
resistance to the mechanical strain. This parameter is crucial for deter-
mining the appropriate application areas of SCFs. Fibers with a low GF
are particularly suitable for wearable antennas, electrodes, and inter-
connectors, where stable electrical conductivity during deformation is
essential. In contrast, fibers exhibiting a high GF can be employed as
wearable sensors, where significant changes in resistance are required
for effective sensing [30].

The GF of SCFs can be effectively tuned by adopting structural de-
signs such as helical, serpentine, wrinkled, or porous forms, which
relieve or amplify material strain through geometrical deformation
[31-33]. Furthermore, selection of conductive material and controlling
the percolation behavior is pivotal for modulating the GF of
composite-based SCFs. In particular, conductive fillers with a relatively
low concentration near the percolation threshold often results in sig-
nificant resistance changes under mechanical deformation. In contrast,
when the concentration exceeds the percolation threshold, stable
quantum tunneling currents between numerous adjacent conductive
domains enable the electrical resistance to remain relatively unchanged
even under mechanical deformation [13].

3. Design and fabrication of SCFs

Conventionally, SCFs have been fabricated via two primary strate-
gies: improving the stretchability of inherently conductive fibers or
imparting electrical conductivity to intrinsically stretchable fibers. In
the first approach, stretchability is improved by introducing
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geometrically engineered structures. In the second approach, intrinsi-
cally stretchable polymeric materials are rendered conductive by
incorporating conductive fillers, such as carbon-based materials, metal-
based materials, MXene, liquid metals, conductive polymers, or ionic
liquids [34,35]. Recently, to enhance the mechanical and electrical
stretchability of SCFs, diverse combinations of structures and materials
have been adopted, and they have been fabricated using various tech-
niques, including spinning, coating, and physical or chemical deposition
processes [36].

3.1. Structural design

Structural design refers to a strategy in which mechanically engi-
neered structures, such as helical, serpentine, wrinkled, and porous
structures, are introduced into fibers to enhance their stretchability.
These structures serve to reduce the effective modulus of SCFs and
enable high fracture strain by minimizing the direct elongation of the
fibers under external deformation. Among these structures, helical,
serpentine, and wrinkled forms effectively suppress the change in elec-
trical resistance, thereby leading to a lower GF [37]. In contrast, SCFs
with porous structures often exhibit greater resistance changes during
stretching, resulting in higher GFs, due to the elongated current paths
created by pore expansion [16].

3.1.1. Helical structure

Helical structure enables high stretchability without exceeding the
material's mechanical limits, as fiber length can be increased through
changes in helical curvature rather than through direct elongation under
external force. This behavior is depicted in Fig. 2a and can be described
by Equation (1) [38].
$2 =12 + (zND)* ¢D)
When the helical structure is laid flat horizontally, it shows a right-
angled triangle relation with the following parameters. The hypote-
nuse length, S, represents the actual length of the helix; L denotes the
vertical fiber length; N indicates the total number of helical turns; and D
represents the helix diameter. The maximum strain (¢) of the helix,
derived using Equation (1), is presented in Equation (2), which indicates
that ¢ increases with higher N and larger D.

S_L +/L2+ (aND)* —L

L L 2

&=

Morikawa et al. developed a hydrogel-based SCF featuring a helical
structure and showed that increasing N and D improves stretchability
[39]. The SCF with a straight form, lacking a helical structure, exhibited
limited stretchability with a fracture strain of only 35 % and a relatively
high GF of approximately 45.71 within the 0-35 % strain range. In sharp
contrast, the SCF with a helical structure demonstrated remarkable
extensibility, reaching a fracture strain of 800 %, a much lower GF of
0.017 over the 0-600 % strain range, and an initial conductivity of 16.8
S/m. In a similar study, Shang et al. prepared a polyurethane
(PU)/carbon nanotube (CNT)/MXene-based SCF with a helical config-
uration using external tension. They observed that as the external ten-
sion decreased (from 11.49 MPa to 3.86 MPa), D increased (from 52.8
pm to 55.7 pm), which consequently enhanced stretchability from 370 %
to over 800 %. The SCF achieved an initial conductivity of 1.5 x 10° S/m
and maintained a low GF of 1.06 at 200 % strain [40]. (Fig. 2b) In
addition, Yu et al. fabricated a helical-structured SCF by twisting and
coiling thermoplastic polyurethane (TPU) fibers coated with silver
nanoparticles (AgNPs) [41]. (Fig. 2c¢) The conductive fiber without a
helical design, as a reference, exhibited a stretchability of only
approximately 175 % and high GF of 31.9 under 80 % strain. In contrast,
introducing the helical structure increased the stretchability of 300 %
and achieved a low GF of approximately 1 under 80 % strain.
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Fig. 2. Representative structures of stretchable conductive fibers (SCFs): a-c) Helical structures; d-f) Serpentine structures; g-i) Wrinkled structures; j-1) Porous
structures. a) Geometry of the helix illustrated as an opened-up right-angle triangle. The parameters are explained in Eq. (1). Reproduced with permission from ref
38. Copyright 2019 Wiley. b) SEM images of helical structured SCFs under different external tension. Reproduced with permission from ref 40. Copyright 2023 Wiley.
c) SEM images of the SCFs with and without a helical structure. Reproduced with permission from ref 41. Copyright 2023 Wiley. d) Schematics of serpentine
structural parameters. The parameters are explained in Egs. (3) and (4). e) FEM analysis result of stretch deformations and strain distribution of the SCF along
transverse directions. Reproduced with permission from ref 43. Copyright 2020 Elsevier. f) Photographs illustrating the stretchability of serpentine structured SCFs
and relative resistance change (AR/Ry) as a function of applied strain. Reproduced with permission from ref 1. Copyright 2023 Elsevier. g) SEM images of the SCFs
with and without a wrinkled structure. Reproduced with permission from ref 46. Copyright 2023 ACS. h) Optical microscope images and FEM results of the micro-
wrinkled SCF with and without an external strain (60 %). Reproduced with permission from ref 45. Copyright 2020 Wiley. i) Schematic illustration of wrinkled SCFs
fabricated via the post-drawing method. Reproduced with permission from ref 47. Copyright 2023 Elsevier. j) Tensile behavior of porous fiber. Reproduced with
permission from ref 49. Copyright 2024 Elsevier. k) Relative resistance change (AR/R) of non-porous and porous structured SCFs under strain. Reproduced with
permission from ref 52. Copyright 2022 Elsevier. 1) Relative resistance change (AR/Ry) of SCFs with different Bacterial Cellulose Nanofiber (BCN) cont. and SEM
image of SCFs with 3 wt% BCN. Reproduced with permission from ref 53. Copyright 2021 Wiley.

3.1.2. Serpentine structure d
Unlike helical-structured SCFs, serpentine-structured SCFs can be fo— 4)

. . . . . . w

implemented in a two-dimensional plane. Lu et al. derive the maximum

strain (¢) for the serpentine configuration, as expressed in Equations (3)

In this equation, 0 represents the central angle, w denotes the width of
and (4) and illustrated in Fig. 2d [42].

fiber, and d refer to diameter of curved beams. This relationship in-

0 dicates that ¢ of the serpentine structure increases as w decrease, while
E=— . &) increasing fand d. Song et al. fabricated a serpentine-structured
2sin (2) stretchable conductive sheet based on silver (Ag) nanofibers via elec-

trospinning and metal deposition (Fig. 2e) [43]. The fabricated sheet
achieved a sheet resistance of 9.0 Q/sq. While the sheet with w of 500
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pm exhibited a high GF of 7.69 under a low stretchability of 26 %,
reducing the width to 25 pm enabled the sheet to withstand 50 % strain
while maintaining a low GF of less than 0.2. Similarly, Wang et al.
developed a serpentine SCF composed of multi-walled carbon nanotubes
(MWCNT) and waterborne polyurethane (WPU) using a molding pro-
cess. (Fig. 2f) [1]. Without the serpentine configuration, the fiber
exhibited a fracture strain of approximately 17 %. In contrast, with the
incorporation of the serpentine structure, the SCF withstood 100 %
strain without mechanical failure, exhibiting an initial conductivity of
1552 S/m and maintaining a GF of 1.6 under 0-100 % strain range.

3.1.3. Wrinkled structure

Wrinkled structures in multilayered conductive fibers are formed
upon the release of pre-strain, resulting from differences in elastic
moduli between stiff conductive layers and soft polymer substrates [44].
At this point, the ratio between the unit lengths with and without micro
wrinkles (r,) is defined by Equation (4) [45].
rwwg+2< efec> 4

The ¢ represents applied pre-strain, and ¢, denotes critical strain.
According to Equation (4), A higher pre-strain generates wrinkles with
larger r,,, which in turn contributes to enhancing the stretchability of the
fiber. Lee et al. fabricated wrinkled SCFs based on AgNPs and PU
(Fig. 2g) [46]. By adjusting the pre-strain level and controlling the for-
mation of AgNPs, they tuned both the wavelength and morphology of
the wrinkled structures. As the pre-strain increased or a greater amount
of AgNPs was introduced onto the fiber surface, the elastic modulus
mismatch between the PU matrix and the AgNPs layer became more
pronounced, resulting in the formation of wrinkles with shorter wave-
lengths. This, in turn, led to significant reduction in GF. Without the
wrinkled structure, the conductive fiber exhibited an extremely high GF
of 18100 under 200 % strain. However, the introduction of the wrinkled
structure markedly reduced the GF value to 1.8 under the same strain.
Pang et al. fabricated a SCF featuring a wrinkled structure by
pre-straining spandex fibers, coating them with a Poly(3,
4-ethylenedioxythio-phene):poly(styrenesulfonate) (PEDOT:PSS)/sin-
gle-walled carbon nanotube (SWCNT)/PU composite, and subsequently
releasing the strain to induce the wrinkled morphology (Fig. 2h) [45].
The fabricated SCF exhibited an initial conductivity lower than 10* S/m.
Without the wrinkled structure, the fiber showed GF of 15 under
approximately 0-40 % strain range. In contrast, incorporating the
wrinkled structure reduced the GF of 0.033 under 60 % strain. Similarly,
Mao et al. developed a SCF based on a PU/polypyrrole (PPy) composite,
controlling the wavelength of the wrinkled structure via continuous
post-drawing methods (Fig. 2i) [47]. The fabricated SCF could with-
stand strains up to 850 % without fracture, achieved an initial conduc-
tivity of 529 S/m, and achieved a low GF of 0.07 under 50 % strain.
Moreover, it was demonstrated that decreasing the wavelength of
wrinkles led to a reduction in the elastic modulus of the SCF.

3.1.4. Porous structure

Porous structure refers to a configuration in which pores are intro-
duced within the SCF [48]. For fibers with porous architectures, the
effective stress carried by the bulk region is substantially reduced rela-
tive to dense fibers, since the porous domains inside the fiber accom-
modate most of the strain. These pores act as strain-buffering domains,
which not only enhance the overall flexibility of the fiber but also
decrease its effective modulus. (Fig. 2j) [49]. Furthermore, as the pores
inside the fiber accommodate much of the effective stress, they tend to
expand and generate microcracks under tensile strain, thereby produc-
ing a larger resistance change during stretching [16,50].

Yuan et al. fabricated a porous SCF using MXene and PU via wet
spinning [51]. The fabricated fiber showed an initial conductivity of less
than 1 S/m at 5 wt % MXene content. Without pores, the fiber exhibited
a fracture strain of 874 %, while the presence of the pores increased the
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fracture strain to 1016 %. Notably, under 50 % strain, the porous fiber
exhibited a GF of 820, more than twice the value measured in
non-porous fibers. Similarly, Yin et al. produced porous SCF by
spray-coating CNT/Styrene-Ethylene-Butylene-Styrene (SEBS) ink onto
PU fibers (Fig. 2k). The non-porous fiber demonstrated a GF of
approximately 3.13 at 80 % strain, whereas the porous one exhibited a
significant GF of 18.75 at same strain [52]. Wang et al. prepared a
TPU/CNT/Graphene/bacterial cellulose nanofibers (BCN)-based SCF
with a porous structure using wet spinning. With the addition of hy-
drophilic BCN, the speed of double diffusion slowed down, leading to
smaller pore sizes and increased porosity. When 1 wt% BCN was
incorporated, the SCF exhibited a stretchability of 150 % and a GF of
16.1 at 100 % strain, whereas with 3 wt% BCN, the stretchability
increased to 300 % and the GF reached 193.3 at around 100 % strain
[53]. (Fig. 21)

3.2. Material design

The type of conductive materials plays a critical role in determining
both mechanical and electrical performance. The conductive materials
currently employed in SCFs can be broadly categorized into carbon-
based materials, metal-based materials, MXene, liquid metals, conduc-
tive polymers and ionic liquids.

Carbon-based and metal-based conductive materials offer high
electrical conductivity, enabling excellent conductive pathways within
SCFs. However, their use can often result in a trade-off between elec-
trical and mechanical properties, which must be carefully managed by
considering the form and intrinsic characteristics of the conductive
materials [54]. Carbon-based and metal-based conductive fillers can be
classified by their dimensionality into zero-dimensional (e.g., carbon
black, metal nanoparticles), one-dimensional (e.g., carbon nanotubes,
metal nanowires), and two-dimensional (e.g., graphene, MXene, metal
nanoflakes) materials.

In addition to these conventional fillers, various alternative
conductive materials have also been investigated to meet the demands
for flexibility, stretchability, and biocompatibility in SCFs. Conductive
polymers and ionic liquids, for example, offer inherent advantages such
as high stretchability, self-healing capabilities, and biocompatibility
[55,56]. Furthermore, liquid metals have emerged as promising candi-
dates due to their excellent electrical conductivity and high deform-
ability, which originates from their low melting point close to or below
room temperature [57].

3.2.1. Carbon-based SCFs

Carbon-based conductive materials have been considered one of the
most representative conductive components for incorporation into SCFs,
owing to their multiple advantages such as high electrical conductivity
(10%-10° S/m), mechanical strength, wear and corrosion resistance, and
overall stability [58]. Such materials include carbon black, carbon
nanotubes (CNTs), and graphene, all of which enable free electron
movement through their conjugated r-electron networks formed by sp?
orbital hybridization [59]. SCFs, incorporating these materials, are
typically manufactured either by coating carbon materials onto polymer
substrates or by spinning fibers from composite solutions containing
stretchable polymers and carbon-based fillers. In these processes, the
uniform dispersion of the conductive fillers is crucial for achieving high
electrical conductivity and uniform performance. However,
carbon-based materials tend to aggregate easily due to strong n-7 in-
teractions, which presents a substantial challenge [60]. Accordingly,
most research has aimed to improve the dispersibility of carbon-based
nanomaterials in order to achieve outstanding electrical properties of
SCFs [61]. For instance, Zhu et al. developed a SEBS/CNT-based SCF
through wet spinning (Fig. 3a). The strong n—n interaction between the
styrene blocks of SEBS and the CNTs, together with good interfacial
compatibility, facilitated a uniform dispersion. This process yielded the
SCF capable of withstanding 1140 % strain and exhibiting an initial
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reduction of the Ag precursor to obtain SCFs. Reproduced with permission from ref 69. Copyright 2020 Wiley. e) Schematic illustration of the fabrication process and
SEM/EDS images of Ag-based SCFs. Reproduced with permission from ref 70. Copyright 2023 Wiley. f) Schematic illustration of Ag* reduction mechanism of the
SCFs by L-ascorbic acid. Reproduced with permission from ref 71. Copyright 2021 ACS. g) SEM images of the cross-section of the MXene-based SCFs. Reproduced with
permission from ref 75. Copyright 2024 Elsevier. h) Schematic of fabrication process for MXene-based SCFs and SEM images showing the morphology of SCF with
and without MXene. Reproduced with permission from ref 76. Copyright 2020 Wiley. i) Relative resistance change (AR/R) of MXene/WPU composite-coated SCFs

under tensile strain. Reproduced with permission from ref 77. CC BY 4.0.

conductivity of 18.6 S/m and a GF of 368 under 471 % strain [62].
Likewise, Yan et al. produced a SCF by dip-coating CNTs onto
double-threaded yarn (DTY) [63]. (Fig. 3b) Polyvinyl pyrrolidone (PVP)
was added into the aqueous CNT dispersion as a binder and dispersant,
which not only improved the dispersion of CNTs in water but also pro-
moted hydrogen bonding between CNTs and DTY. The resulting fiber
exhibited a fracture strain of around 150 %, and a GF of 12.4 even under
100 % strain. Similarly, Han et al. fabricated a CNT-based conductive
hydrogel stretchable fiber via wet spinning (Fig. 3c) [64]. They intro-
duced 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellu-
lose nanofibers (TOCN) into the oxidized CNT dispersion, enhancing the
stable dispersity of CNT dispersion utilizing hydrogen bonding. As a
result, the fiber demonstrated high stretchability of 438 %, an initial
conductivity of 1.57 S/m, and a GF of 1.47 within a strain range up to 50
%

3.2.2. Metal-based SCFs

Metal-based conductive materials, including aluminum (Al), copper
(Cu), gold (Au), and silver (Ag), offer significant advantages such as high
mechanical strength, excellent thermal conductivity, and electrical
conductivity of approximately 5 x 107 S/m, attributed to their well-
ordered lattice structures [65,66]. These attributes have fueled exten-
sive research into developing SCFs by integrating metal-based conduc-
tive materials with stretchable polymer matrices. For example, Wang
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et al. developed a stretchable conductive non-woven fabric by electro-
spinning Ag NW-embedded PU nanofibers. The fabricated fabric dis-
played a remarkable stretchability of 800 %, and a GF of 55 under 0-40
% strain [67].

Notably, SCFs with metallic materials can also be fabricated by post-
reduction of metal precursors. This method not only obviates the need
for metal particle dispersion but also allows stable embedding of metal
nanoparticles on or within the fiber, thereby enhancing uniformity and
ensuring mechanical and electrical stability of the SCF [68]. Lee et al.
fabricated AgNPs-embedded SCF by sequentially immersing Spandex
fibers in Ag precursor solution, followed by treatment with hydrazine
hydrate (NoHy) solution (Fig. 3d). The resulting fiber withstood strains
up to 6812 % and exhibited a GF of 600 at 150 % strain, and initial
conductivity to 3.05 x 10% S/m [69]. Additionally, Kim et al. fabricated
a SCF based on AgNPs and PU via dip coating and subsequent reduction
process of Ag precursor (1:1 vol mixture of hydrazine hydrate and
ethanol) (Fig. 3e). The fabricated fiber achieved a stretchability of 100
% and a GF of 181 under 100 % strain [70]. In a similar effort, Lee et al.
developed a SCF by dip-coating a stretchable fiber matrix with an Ag
precursor, followed by chemical reduction using r-ascorbic acid. (Fig. 3f)
[71]. They demonstrated that the fiber's electrical resistance decreased
as the degree of Ag formation increased. The fabricated fiber matrix
exhibited a GF of 91 at 0-50 % strain range and achieved a high initial
conductivity of approximately 1 x 10° S/m.
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3.2.3. MXene-based SCFs

MXene is a class of 2D nanomaterials characterized by outstanding
electrical conductivity, ease of processing, and mechanical flexibility,
which have found extensive applications across various technological
fields since their discovery in 2011. They are synthesized by selectively
removing the A layers from MAX phases, where M denotes an early
transition metal, A corresponds to a group 13 or 14 element, and X
represents carbon or nitrogen [72]. The etching of A-group elements
from MAX phases typically involves the use of reagents such as hydro-
fluoric acid (HF), ammonium fluoride (NH4F), sodium fluoride (NaF),
calcium fluoride (CaFs), or combinations such as hydrochloric acid
(HCD) mixed with lithium fluoride (LiF) [73]. Through the etching pro-
cess, the surfaces of the M layers become terminated with functional
groups such as -OH, -O, and -F. The resulting MXene compounds are
generally expressed as My, 1 X, Ty, where Ty denotes surface terminations
that enhance the materials’ dispersibility in aqueous and, in certain
cases, organic solvents, depending on their surface chemistry [74]. Jiang
et al. engineered a core-shell structured SCF by applying a coating of
carbon black (CB) and polydimethylsiloxane (PDMS) onto MXene-based
fibers (Fig. 3g) [75]. The fabricated fiber exhibited a high fracture strain
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exceeding 250 %, an initial resistance of 0.25 kQ/cm, and a GF of 0.124
under 100 % strain. Similarly, Gogotsi et al. developed a SCF using
MXene/PU composite fibers manufactured via wet spinning (Fig. 3h).
During the fabrication of SCFs, more circular fibers were obtained as the
MXene content increased. This was because the high dispersibility of
MXene facilitated the inward diffusion of polar solvents into the fiber.
The resulting fiber showed a stretchability of up to 250 % and a GF of
238 under 50 % strain [76]. In another study, Wang et al. fabricated a
SCF by dip-coating PU fibers with an MXene/WPU solution (Fig. 3i)
[77]. In the solution, both MXene and WPU carried negative charges,
inducing electrostatic repulsion that facilitates the uniform dispersion of
MXene within the WPU matrix. The resulting fiber achieved a GF of 10.9
within a strain range of 0-40 %.

3.2.4. Liquid metal-based SCFs

Liquid metals such as mercury (Hg) and gallium (Ga) remain in a
liquid state below 40 °C. Among them, gallium-based liquid metals have
garnered significant interest as promising conductive materials for SCFs
due to their high electrical conductivity, excellent deformability, and
substantially lower toxicity compared to mercury [78]. However,
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Fig. 4. Representative conductive materials used in SCFs: a-c) Liquid metals; d-f) Conductive polymers; g-i) Ionic liquids. a) Photographs of liquid metal-coated
SCFs and schematic illustration of bonding mechanism induced by the Ga,O3 layer. Reproduced with permission from ref 82. Copyright 2023 Wiley. b) SEM image of
liquid metal-coated stretchable conductive non-woven fabric exhibiting high interfacial compatibility with the SBS fibers. Reproduced with permission from ref 83.
Copyright 2023 Wiley. c) Structural diagram of the SCF, consisting of core fiber, semisolid metal conducting layer, and TPU/EGaln/Ag composite conducting layer
and Optical images of the SCF before and after stretch. Reproduced with permission from ref 84. Copyright 2024 ACS. d) Fabrication schematic, SEM/EDS images,
and dopamine-induced conductive mechanism of PEDOT:PSS based SCFs. Reproduced with permission from ref 87. Copyright 2025 Elsevier. e) Conductivity
variation curves of PPy-based SCFs with different polymerization times and SEM image of SCF polymerized at 48 h. Reproduced with permission from ref 88.
Copyright 2022 ACS. f) Schematic illustration of the components of the conducting ink and the printing process. Reproduced with permission from ref 89. CC BY 4.0.
g) Schematic of fabrication for ionic liquid-based SCFs. Reproduced with permission from ref 92. Copyright 2023 Elsevier. h) Molecular structure of pristine PEDOT:

PSS and PEDOT:PSS/EMIM:DCA. Reproduced with permission from ref 93. Copyright 2023 ACS. i) Tensile stress-strain curves as a function of the molar content of
ionic liquid. Reproduced with permission from ref 95. Copyright 2024 Elsevier.
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gallium-based liquid metals are prone to rapid oxidation even under low
oxygen concentrations (>1 ppm), forming a GapO3 oxide layer ranging
from 0.5 to 5 nm in thickness [79]. This oxide layer exhibits high surface
tension (approximately 624 mN/m) and low electrical conductivity
(around 22 S/m), which can negatively influence adhesion, wettability
with polymer substrates, and the overall conductivity of SCFs [80,81].
Therefore, recent studies have focused on overcoming these drawbacks
by enhancing the interfacial interactions between liquid metals and
polymer materials. Xiong et al. fabricated a SCF by producing Ag fla-
ke/TPU fibers via wet spinning, followed by sequential coatings of WPU
and eutectic Gallium-Indium (EGaln), a gallium-based liquid metal with
a melting point of approximately 16 °C (Fig. 4a) [82]. WPU facilitated
hydrogen bonding between the oxygen atoms in Ga;Os and functional
groups such as ~OH, -CH, and ~COOH, enhancing adhesion between the
liquid metal and the TPU substrate. The resulting SCF achieved a high
fracture strain of 611 % and an initial conductivity of 3.13 x 10° S/m, as
well as a GF of 0.5 within a strain range of 0-20 %. Zheng et al. devel-
oped a stretchable conductive non-woven fabric by electrospinning a
poly(styrene-block-butadiene-block-styrene) (SBS) matrix, which was
subsequently dip-coated with polyacrylic acid and Galinstan, a
gallium-based liquid metal alloy consisting of gallium, indium, and tin
(Fig. 4b) [83]. In this system, the carboxyl groups (-COOH) in poly-
acrylic acid induced hydrogen bonding between the oxide layer of
Galinstan and the SBS substrate. The fabricated conductive fabric
showed remarkable stretchability of approximately 1700 %, an initial
conductivity of 6.9 x 10% S/m, and only a low GF of 0.6 under 0-1500 %
strain range.

Moreover, the formation of intermetallic compounds can serve as an
effective strategy to enhance the wettability between gallium-based
liquid metal and polymer matrices. Wang et al. produced a SCF by
dip-coating TPU fibers with an EGaln/Ag mixture (Fig. 4c) [84]. The
intermetallic phases formed between EGaln and Ag facilitated enhanced
metallic wetting, thus improving the interfacial compatibility between
EGaln and the TPU matrix. The fabricated fiber exhibited excellent
stretchability of 600 %, an initial conductivity of 2.3 x 10° S/m, and a
GF of 7.5 at 600 % strain.

3.2.5. Conductive polymer-based SCFs

Conductive polymers represent a class of organic functional mate-
rials that integrate the electrical characteristics of metals or semi-
conductors into conventional polymer systems. These materials feature
conjugated molecular chains that enable charge transport, leading to
inherent electrical conductivity. Well-known examples include poly-
acetylene, polythiophene, polyphenylene, poly(p-phenylene vinylene),
poly(p-phenylene sulfide), and PEDOT:PSS [60,85]. These polymers
offer significant advantages such as biocompatibility, low density, and
cost-effectiveness, and can be blended into polymer matrices without
severely compromising mechanical performance, making them prom-
ising candidates for SCF development [86].

However, conductive polymers generally exhibit lower electrical
conductivity compared to carbon- or metal-based conductive materials,
which poses a challenge for their application in high-performance
stretchable electronics. Consequently, various strategies are under
investigation to enhance the conductivity of SCFs based on conductive
polymers. For example, Gao et al. fabricated a SCF by wet spinning a
composite of PEDOT:PSS, sodium alginate, and polyvinyl alcohol (PVA)
(Fig. 4d) [87]. When dopamine hydrochloride was incorporated during
fiber fabrication, the initial conductivity increased from 539.3 S/m to
669.8 S/m. This improvement is attributed to the fact that dopamine can
react with PSS groups to form a semi-quinone structure, thereby making
the PEDOT:PSS stacks more regular. The resulting fiber showed a
stretchability of 50 % and a GF of 0.8 % under 10 % strain. Also, Mao
et al. developed a SCF by coating of PPy onto WPU/PU composite fibers
[88]. (Fig. 4e) During the PPy coating process, cyclohexane solvent was
used to facilitate interfacial polymerization, and as the polymerization
time increased from 6 h to 48 h, the initial conductivity increased from
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12.5 S/m to approximately 112.5 S/m. The fabricated fiber exhibited a
fracture strain of approximately 1500 % and a GF of 0.11 within a strain
range of 0-600 %. Similarly, Wagberg et al. used 3D printing to produce
a SCF composed of PEDOT:PSS, dialcohol cellulose, and glycerol
(Fig. 4f) [89]. The fabricated fiber displayed a fracture strain of around
50 % and a GF of 5 at 40 % strain. The study also demonstrated that
increasing glycerol content from 1 vol % to 5 vol % raised the SCF
conductivity from 2000 S/m to 3500 S/m, owing to dipole-dipole in-
teractions between glycerol and the thiophene rings in PEDOT.

3.2.6. Ionic liquid-based SCFs

Tonic liquids are salts consisting of cations and anions that remain in
a liquid state at temperatures generally below 100 °C [90]. Unlike
traditional carbon- or metal-based conductive fillers, ionic liquids
exhibit exceptionally low Young's moduli (<1 Pa), enabling SCFs with
low stiffness. Additionally, the mechanical and electrical properties of
such fibers can be adjusted by selecting different cation-anion combi-
nations within the ionic liquid, providing significant deformability [91].
Gao et al. developed a SCF comprising PEDOT:PSS and an ionic liquid
(1-dodecyl-3-methylimidazole bromide) via wet spinning (Fig. 4g) [92].
The fiber demonstrated a stretchability with a fracture strain of 60 %
and achieved an initial conductivity of 1.2 x 10* S/m. Furthermore, it
displayed temperature-dependent resistance changes, attributed to the
temperature-induced variations in the ion mobility, which directly in-
fluence electrical conductivity. In a similar study, Wang et al. fabricated
a SCF wusing PEDOT:PSS and an ionic liquid (1-Ethyl-3--
methylimidazolium dicyanamide), also employing wet spinning
(Fig. 4h) [93]. The resulting fiber exhibited a fracture strain of 27.7 %.
The inclusion of the ionic liquid significantly enhanced the electrical
conductivity from 1.5 x 10° to 4.3 x 10° S/m. This improvement was
attributed to an ion-exchange reaction between the ionic liquid and
PEDOT:PSS, which promoted the formation of a linear conformation.
Qiao et al. fabricated a SCF by coating silk fibers with an ionic liquid
(1-butyl-3-methylimidazole hexafluorophosphate) and poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) [94]. The introduction of
the ionic liquid enhanced the fracture strain, and the resulting fiber
exhibited an initial conductivity of 0.22 S/m together with a GF of 1.67
within the strain range of 0-15 %. Similarly, Li et al. fabricated an
ionogel-based SCF by curing an ionic mixture within polytetrafluoro-
ethylene (PTFE) tubes (Fig. 4i) [95]. As the ionic liquid content in the
fiber increased from 20 mol % to 50 mol %, the fracture strain rose from
approximately 150 % to around 250 %. The fabricated fiber achieved an
initial conductivity of 2.3 S/m and maintained a GF of 0.51 within a
strain range of 0-50 %.

3.3. Fabrication methods

SCFs have been fabricated using various methods, including spin-
ning, coating, and chemical or physical vapor deposition (CVD or PVD).
Spinning involves extruding a mixture of conductive materials and
polymer matrices through spinnerets to produce intrinsically conductive
and stretchable fibers, in which the conductive components are
dispersed within the polymer matrix. In contrast, coating, CVD, and PVD
techniques impart electrical conductivity by depositing thin conductive
films onto deformable polymer-based fibers.

These geometrical features induced by the fabrication method
significantly influence the failure behavior of SCFs under large elastic
deformation, cyclic mechanical loading, and environmental stresses.
First, SCFs based on composite fabricated via spinning often experience
filler segregation and conductive-network rearrangement under high
strain, generating filler-rich and -depleted regions, voids, and aniso-
tropic percolation pathways [69,96]. These heterogeneities locally
concentrate mechanical and electrical stresses, thereby promoting dis-
connections of electrical pathways. Second, SCFs fabricated via coating
or deposition methods are more susceptible to fatigue-induced micro-
cracking, as cyclic tensile or bending deformation localizes stress at stiff
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conductor-soft matrix interfaces and within heterogeneous conductive
networks [97]. This promotes progressive crack nucleation and propa-
gation, ultimately severing conductive pathways and resulting in
gradual resistance drift or abrupt open-circuit failures. In particular,
surface-coated SCFs frequently undergo interfacial delamination and
debonding between the conductive layer and the compliant polymer
substrate [98]. The mechanical mismatch in modulus and strain toler-
ance generates shear and peel stresses during repeated deformation,
driving localized separation, buckling of the conductive film, and step-
wise loss of electrical continuity [82].

3.3.1. Spinning

In spinning processes, conductive fillers dispersed within the solu-
tion or composite are preferentially aligned along the fiber axis, pri-
marily due to the shear stress imposed as the material passes through the
constricted nozzle or spinneret and is subsequently subjected to draw-
ing. Such alignment significantly contributes to enhancing the initial
electrical conductivity, as it facilitates the formation of more continuous
conductive pathways along the fiber direction [99,100].

Spinning processes can be categorized into wet spinning, electro-
spinning, and melt spinning. Among these methods, wet spinning is
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considered advantageous for its simple and intuitive process, which does
not require sophisticated equipment [101]. During wet spinning, poly-
mer solutions undergo solidification in a coagulation bath, and the
process is significantly influenced by the interdiffusion rate between the
solvent and the coagulation medium, which is governed by the solute
concentration (i.e., viscosity) as well as the differences in solubility
parameters among the solute, solvent, and coagulation medium [102].
Extensive research efforts have aimed at fabricating SCFs with various
structures by systematically tuning these parameters [103-106]. For
instance, Chen et al. produced a SCF composed of a porous graphe-
ne/SBS composite via wet spinning, where SBS acted as the solute, THF
served as the solvent, and ethanol was used as the coagulation medium
(Fig. 5a [107]. At an SBS concentration of 20 wt%, the fibers formed a
porous structure, whereas at a higher concentration of 40 wt%, a dense
structure was obtained due to increased viscosity and polymer chain
entanglement, which slowed the interdiffusion rate between sol-
vent-coagulation medium. The fabricated porous fiber demonstrated a
fracture strain up to 1000 % and a high GF of above 1 x 10* under
0-100 % strain range. In addition, Wu et al. fabricated porous fibers via
wet spinning and subsequently coated them with a MXene solution to
obtain SCF. In the wet-spinning process, PU was used as the solute, DMF
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Fig. 5. Fabrication process for SCFs. a-c) Spinning; d-f) Coating, g-f) Chemical/physical vapor deposition (CVD/PVD). a) Schematic diagram of the wet-spinning
process and SEM images of fiber morphology with respect to SBS content. Reproduced with permission from ref 107. Copyright 2020 Wiley. b) Coaxial emulsion
electrospinning of liquid metal microfibers, and OM image of a microfiber, scale bar: 20 ym; and OM image of fiber mat, scale bar: 200 pm. Reproduced with
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hopper, extruder, spinning pump, and spinneret. Reproduced with permission from ref 112. CC BY 3.0. d) Schematic diagram of the dip-coating process and surface/
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f) Schematic illustration of the fabrication process of the AgNW/MXene 3D conductive network via spray coating. Reproduced with permission from ref 120.
Copyright 2021 ACS. g) Schematic of the graphene CVD growing process on glass fiber fabric with dichloromethane as the precursor. Reproduced with permission
from ref 123. CC BY 4.0. h) Schematic illustration of fabrication method of the SCF applicable to thermoelectric device: wet-spinning, co-sputtering, and a hybrid
thermoelectric fiber Reproduced with permission from ref 127. Copyright 2025 Elsevier.
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as the solvent, and a water/ethanol mixture as the coagulation medium.
When the ethanol content in the coagulation bath was 20-40 vol%,
heterogeneous porous structures with sizes of several hundred micro-
meters were observed, whereas increasing the ethanol content to >60
vol% led to the formation of homogeneous porous structures on the
order of a few micrometers. This phenomenon occurred because
increasing the ethanol fraction in the coagulation bath reduced the
solubility parameter difference between the solvent and the non-solvent,
thereby slowing down the diffusion rate. As a result, fibers with het-
erogeneous porous structures exhibited a fracture strain of about 1500
%, while those with homogeneous porous structures achieved a high
fracture strain of 2865 %. FEA revealed that this difference arose
because, in homogeneous porous structures, pores deformed uniformly
under strain, allowing stress to be evenly dispersed and thereby
enhancing stretchability, whereas heterogeneous porous structures with
large pore sizes caused uneven deformation between pores, leading to
stress concentration and premature fracture. The resulting homoge-
neous porous fibers coated with MXene exhibited an initial conductivity
of 55.79 S/m [108].

Electrospinning is a simple yet effective technique for fabricating
fibers on the micro- and nanoscale. In this process, a polymer solution is
extruded under the influence of an electric field, leading to the forma-
tion of a Taylor cone at the tip of the spinneret. A Taylor cone is a conical
shape formed by the liquid meniscus under an applied electric field,
where electrostatic forces deform the fluid into a sharp point, facilitating
the ejection of a fine jet [109]. When these electrostatic forces exceed
the surface tension of the fluid, a charged jet emerges from the tip of the
Taylor cone, which subsequently solidifies into nanofibers [110]. Zhang
et al. developed a stretchable conductive nonwoven fabric with a cor-
e—shell structure composed of liquid metal and SEBS via electrospinning
(Fig. 5b) [111]. They observed that as the flow rate of the liquid metal
emulsion increased sequentially, the fiber diameter initially became
thicker, but then decreased at higher flow rates. This behavior was
attributed to a balance between the volume effect, whereby higher flow
rates result in a thicker initial jet, and the stretching effect driven by
electrostatic forces within the jet and the external electric field, which
act to elongate and thin the jet. The fabricated fabric exhibited a fracture
strain exceeding 800 % and a GF of approximately 2.67 under 300 %
strain.

Melt spinning is a technique in which conductive composites are
heated above their melting points and subsequently extruded through a
spinneret. (Fig. 5¢). Upon cooling, the extruded material solidifies and is
drawn to form continuous fibers. Unlike wet spinning or electro-
spinning, melt spinning does not involve solvents, making it environ-
mentally friendly, while also offering simplicity and scalability for mass
production [112,113]. Cherif et al. utilized melt spinning to produce a
SCF based on a composite of CNTs and TPU [114]. The resulting fiber
exhibited a fracture strain of 400 %, an initial conductivity of 0.9 S/m,
and a gauge factor of 12 within a 50 % strain range.

In terms of industrial readiness, spinning excels in scalability and
throughput, as many global synthetic fiber industries have already
operated high-volume continuous spinning lines capable of cost-
effective and large-scale output [55,115,116].

3.3.2. Coating

Coating methods such as dip coating and spray coating serve as
practical approaches to provide electrical conductivity to stretchable
polymers. In dip coating, fibers are immersed in a conductive material
solution or dispersion, resulting in a direct coating of the conductive
layer. This technique is simple and efficient, yet it carries the risk of
conductive layer detachment during prolonged use. To address this
issue, processing approaches have been proposed to chemically or
physically immobilize the conductive layer onto the fiber surface,
thereby improving both mechanical and electrical durability. For
example, Sheng et al. produced a SCF by immersing TPU fibers in a
liquid metal/CNT solution, followed by an additional coating of WPU for
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encapsulation (Fig. 5d) [117]. The fabricated fiber demonstrated a
fracture strain below 300 %, an initial conductivity of 1.15 x 108 S/m,
and a GF of 0.5 under 160 % strain. Furthermore, even after 2000 cycles
of tensile loading at 50 % strain, the fiber retained excellent reproduc-
ibility. Aside from physical encapsulation, chemical strategies to
strengthen interfacial interactions between polymers and conductive
fillers have been developed. Liu et al. fabricated a core-shell structured
SCF by first coating PU fibers with polymethacrylates, then applying a
semi-liquid metal (Cu-Ga-In) layer (Fig. 5e) [118]. In this process,
polymethacrylates facilitated hydrogen bonding between the
semi-liquid metal and the polymer matrix, thus improving adhesion. The
fabricated fiber achieved a fracture strain exceeding 300 %, exhibited an
initial conductivity as high as 5.2 x 10° S/m and a GF of 2.3 under
0-300 % strain range. Importantly, it maintained stable resistance over
2000 cycles at 100 % strain.

Spray coating is a technique employed to deposit a dispersion of
conductive materials onto the surfaces of polymer fibers, enabling uni-
form coatings and facilitating high production efficiency [13,119].
However, similar to dip coating, the weak interfacial adhesion between
the conductive layer and the fiber can lead to a reduction in the me-
chanical and electrical durability of the SCFs. As an example, aimed at
overcoming this, Qu et al. developed SCF by spray-coating surface-mo-
dified AgNWs and MXene onto commercial nonwoven fabric. In this
process, the C—=0 groups on AgNWs and terminal groups (-0, -OH, -F)
on MXene formed hydrogen bonds, enhancing stability (Fig. 5f) [120].
The fabricated fiber achieved a fracture strain exceeding 600 %, an
initial resistance of 6.2 Q, and a GF of 57.7 under 0-60 % strain range. It
also showed stable performance over 1500 cycles at 8 % strain, indi-
cating excellent durability and repeatability.

Regarding industrial readiness, these coating-based fabrication
methods enable the conversion of conventional elastic yarns into
conductive fibers without redesigning the base polymer system, thereby
significantly lowering industrial barriers. In addition, these are inher-
ently compatible with roll-to-roll or yarn-to-yarn continuous
manufacturing lines, enabling high throughput and competitive cost
[10,12,121]. Consequently, coating-based approaches currently repre-
sent a highly viable pathway to large-scale commercialization,
combining low infrastructure establishment cost, high processing speed,
and proven reliability in real textile environments.

3.3.3. CVD/PVD

CVD for SCFs is a method where gaseous reactants chemically
transform to form a conductive layer on polymer surfaces. This tech-
nique optimizes the electrical properties of SCFs by adjusting parameters
such as reaction time, surface pre-treatment, and precursor selection
[13]. Bose et al. developed a SCF by depositing PPy onto electrospun PU
fibers via oxidative chemical vapor deposition [122]. The fabricated
fiber achieved a fracture strain exceeding 400 %, an initial resistance of
106 kR, and a GF of 46 at a strain of 202 %. Nonetheless, one of the
limitations of CVD processes is the lengthy deposition time, often
ranging from several hours to days, due to the low catalytic activity of
the insulator. Recently, Liu et al. introduced a rapid graphene growth
technique on glass fibers using dichloromethane as a carbon source,
which has a low decomposition energy barrier and generates highly
electronegative chlorine radicals, enabling the fabrication of
graphene-coated glass fiber fabric (Fig. 5g) [123].

PVD processes, such as thermal evaporation and sputtering, involve
vaporizing solid conductive materials and depositing them onto fiber
surfaces to generate conductive coatings. In thermal evaporation, metals
are heated until vaporized and then condensed onto fiber surfaces to
form conductive layers of high purity. By contrast, sputtering involves
bombarding a metal target with plasma ions, causing metal atoms to be
ejected and deposited uniformly onto fiber surfaces, resulting in coatings
with excellent coverage and uniformity [7]. The conductive layer
deposited via PVD exhibits high electrical conductivity owing to its high
crystallinity, high density, and low defect concentration [124,125]. Liu
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et al. fabricated a stretchable conductive non-woven fabric by electro-
spinning a fluoro rubber-based sheet, followed by gold deposition via
sputtering. The resulting sheet exhibited a stretchability exceeding 150
%, a sheet resistance of 17.7 Q/sq, and a GF of 1.3 under 0-60 % strain
[126]. In a similar approach, Han et al. employed wet spinning to pro-
duce PEDOT:PSS fibers, which were subsequently coated with bis-
muth-antimony-telluride through sputtering, yielding conductive fibers
with an initial conductivity of 5660 S/m (Fig. 5h) [127].

In terms of industrial applicability, however, CVD-based deposition
remains fundamentally limited for mass production of SCFs. Although
CVD offers atomically uniform films and robust bonding, the high
temperature, vacuum environment, and slow deposition rates present
major incompatibilities with most polymeric textile substrates. Only a
narrow set of high-temperature fibers can withstand typical CVD con-
ditions, and adapting CVD reactors for continuous processing drastically
increases operational costs. Current demonstrations are mostly research-
oriented, and no broad commercial deployment exists. Consequently,
the industrial readiness of CVD for SCFs remains low despite its excep-
tional material quality. Similar to CVD, PVD-based fabrication is tech-
nologically mature but only partly transferable to SCFs. Although PVD
enables low-temperature deposition of thin conductive layers, the 3-
dimensional morphology of yarns can induce shadowing effects and
nonuniform coating, leading to crack formation under strain. In addi-
tion, even though the cost and reliability constraints reduce its

Journal of Materials Research and Technology 40 (2026) 1769-1793

suitability for scalable manufacturing, PVD can be configured for
continuous processing and could be viable for specific advanced
purposes.

4. Applications for SCFs

SCF-based E-textiles naturally conform to the human body, offering
comfortable wearability. Furthermore, they possess excellent breath-
ability, effectively mitigating skin irritation problems that commonly
arise from prolonged use of traditional wearable electronic devices [128,
129]. This section reviews recent studies investigating the application
potential of SCFs in various fields, including stretchable bio-electrodes,
sensors, heaters, displays, and energy harvesters.

4.1. Bio-electrodes

SCF-based E-textiles show significant promise as bio-electrodes for
continuous monitoring of bioelectric signals during daily activities
without causing discomfort. To enable such applications, the electrodes
must adhere well to the skin, maintain high electrical conductivity, and
exhibit minimal resistance changes during stretching [130]. Previous
studies on SCFs have reported their use as bioelectrodes for measuring
bioelectric signals such as the electrocardiogram (ECG), electroen-
cephalogram (EEG), and electromyogram (EMG), which respectively
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monitor the electrical activity of the heart, brain, and muscles.

ECG measures variations in cardiac electrical potentials by placing
electrodes at multiple sites on the body. This technique noninvasively
detects depolarization of cardiac muscle, enabling diagnosis of
abnormal heart rhythms [131]. Conventional ECG electrodes, such as
Ag/AgCl gel-type patches, may cause skin irritation and impair skin
breathability [132]. To address these issues, recent efforts have there-
fore focused on developing ECG electrodes using SCFs. Liu et al. fabri-
cated a three-layer all-nanofiber-based PTFE, AgNWs, and a silk fibroin
nanofiber membrane fabric electrode via electrospinning [133]. This
fabric electrode exhibited a low sheet resistance (~3.58 Q/sq) and a
high-water vapor transmission rate (2553 g m~2 d! at 35 °Q),
demonstrating better breathability than commercial Ag/AgCl gel elec-
trodes. The electrode was subsequently employed to fabricate ECG
electrodes capable of clearly capturing distinct waveforms, including the
P, Q, R, S, and T waves. Wang et al. similarly developed a
hydrogel-based SCF with a fracture strain exceeding 200 % and an initial
conductivity of 192.7 S/m (Fig. 6a) [134]. SCF-based fiber electrodes
attached to the chest were employed to measure ECG signals, and the
acquired signals were wirelessly transmitted through Bluetooth modules
and displayed on a PC or smartphone for diagnostic analysis. In addition,
to assess the biocompatibility of the fiber for direct skin applications, in
vivo studies on mouse and human skin confirmed no irritation over 72 h,
demonstrating skin compatibility comparable to commercial Ag/AgCl
electrodes and similarly effective ECG signal acquisition.

EMG is used to measure and evaluate electrical signals generated in
skeletal muscles during voluntary or involuntary contractions and re-
laxations [130]. Zhu et al. created a stretchable ionic gel conductive
fiber by wet spinning a composite of cellulose nanofibers and PVA [135].
The fiber achieved a fracture strain of 627 %, an initial conductivity of
0.54 S/m, and a GF of 2.79 at 100 % strain. Electrodes fabricated from
this SCF successfully detected EMG signals corresponding to finger
movements. Son et al. developed a stretchable conductive textile by
immersing PU fabrics in Ag-based ink (Fig. 6b) [136]. To evaluate its
capability for physiological signal detection, the conductive fabric was
integrated into an EMG monitoring system by configuring three MED-ET
interconnections: reference, active (+), and ground (—). These elec-
trodes were conformally attached to the skin using a transparent Tega-
derm patch, enabling stable acquisition of EMG signals. This textile
showed a low GF of 0.12 under 0-300 % strain range and was employed
for monitoring EMG signals from the forearm flexor muscles, accurately
detecting muscle contractions.

EEG is a noninvasive technique for recording electrical signals
generated by neural activity, useful for assessing consciousness, sleep
quality, and diagnosing neurological disorders. Liu et al. fabricated a
stretchable conductive fiber comprising SEBS, Ag, and EGaln via elec-
trospinning and coating [137]. The sheet exhibited a high stretchability
of approximately 1000 % and a GF of 0.4 under 400 % strain. When
utilized for electroencephalography (EEG) measurements, it effectively
distinguished «a signals recorded with eyes open versus closed. In addi-
tion, Bagherzadeh et al. developed a SCF on flexible polyimide through
nickel electroless plating (Fig. 6¢) [138]. To fabricate an SCF-based EEG
cap, PET yarn and the SCF were integrated using a double-layer weft--
knitted structure, resulting in a textile electrode configuration suitable
for EEG acquisition. The fiber maintained a low resistance below 4 Q
under strain up to 110 %. This fiber was integrated into an EEG mea-
surement cap, achieving performance comparable to conventional EEG
caps.

4.2. Wearable sensors

Deformable sensors can detect various movements and physiological
changes of the wearer or the surrounding environment, converting these
physical and chemical stimuli into electrical signals [139]. SCFs, which
possess excellent mechanical and electrical performance, can be
embedded within garments or textiles to act as sensing elements,
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allowing real-time monitoring of bodily motions and physiological pa-
rameters [140]. Depending on their sensing mechanisms, SCFs can be
applied as various types of sensors, including strain, pressure, temper-
ature, and humidity sensors.

Strain sensors operate on a principle whereby mechanical deforma-
tion or external stress modifies the conductive pathways within the
material. In particular, mechanical strain increases the tunneling dis-
tance between adjacent conductive regions, resulting in a rise in elec-
trical resistance. Upon release of the strain, the conductive pathways
restore to their initial state [141]. A variety of studies have investigated
the fabrication of SCFs for strain-sensing applications. Shen et al. pro-
duced a porous SCF composed of MWCNT, reduced graphene oxide, and
TPU through a wet spinning process (Fig. 6d) [142]. The resulting fiber
demonstrated a fracture strain of 686 %, an initial resistance of 75.1 kQ,
and a GF of 300 under 120 % strain. To evaluate motion monitoring, an
electrode layer was prepared by coating both ends of the SCF with silver
paste and copper tape, and this layer was then attached to the wearer's
body. This fiber was demonstrated as a strain sensor capable of detecting
motion across various body regions, including the fingers, wrists, el-
bows, and knees.

Pressure sensors operate by detecting mechanical pressure and
converting into corresponding electrical signals, and are classified into
piezoresistive, piezoelectric, triboelectric, and capacitive types accord-
ing to their fundamental sensing principles [143]. Recent studies have
targeted the use of SCF-based pressure sensors for monitoring physio-
logical signals, including pulse rate, blood pressure, acoustic vibrations,
and intraocular pressure [144-146]. For examples, Lv et al. developed a
porous SCF by employing wet spinning to produce hollow TPU/sodium
chloride (NaCl) fibers, followed by the removal of NaCl and subsequent
injection of liquid metal into the resulting central void [147]. The SCF
exhibited a fracture strain of 450 % and exhibited a GF of 3.32 within a
strain range of 0-250 %. Utilizing this fiber, they fabricated a
capacitive-type pressure sensor with a sensitivity of 0.2493 kPa !,
which is higher than that of non-porous SCFs (0.0455 kPa~!). By
weaving the SCFs with cotton-linen fabric as warp threads, a cross-grid
E-textile incorporating a 10 x 10 sensor array was demonstrated,
enabling the detection and mapping of locally applied pressure (Fig. 6e).

Temperature sensors are essential for monitoring and measuring
temperature in diverse settings. When incorporated into E-textile plat-
forms, they enable functions such as continuous body temperature
monitoring, sweat detection, early identification of infections, and
prevention of thermal injuries [148]. SCF-based temperature sensors
operate on the principle that conductive materials exhibit changes in
electrical resistance with temperature fluctuations, following either a
negative temperature coefficient (NTC) or positive temperature coeffi-
cient (PTC) response [149]. These sensors deliver enhanced flexibility
and stretchability compared to traditional temperature sensors,
permitting direct integration into textiles while minimizing discomfort
during wear [150]. Piao et al. fabricated a SCF by coating spandex
polyurethane fibers with a hybrid composite of polyaniline-1-cysteine
ethyl ester hydrochloride (PANI-LCO) and AgNWs. The fiber exhibited a
fracture strain exceeding 1000 %, a high initial conductivity of 2.7 x
102 S/m, and a GF of 14.63 at 60 % strain. (Fig. 6f) [151]. Moreover, the
introduction of PANI-LCO effectively reduced the junction resistance of
AgNWs, leading to the high performance of the PANI-LCO-AgNW/SP
temperature sensor, which exhibited a high temperature coefficient of
resistance (TCR) of up to 47.4 %/°C. Using the SCF-based temperature
sensor, which was attached to the hand, human body temperature
changes were evaluated by immersing the hand in ice and hot water,
with the sensor exhibiting an average TCR of 10.4 %/°C in the tem-
perature range of 31.8-38.4 °C.

Humidity sensors are crucial for accurately detecting the moisture
content in various environments. When integrated into E-textiles, such
sensors enable applications ranging from real-time skin hydration
monitoring and respiration tracking to managing humidity levels within
garments to enhance wearer comfort [152]. The operating principles of
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humidity sensors are classified into chemical and physical adsorption. In
chemical adsorption, water molecules bind to hydrophilic conductive
surfaces, whereas in physical adsorption, moisture layers form on the
fiber surface. By these adsorption behaviors, the resistance, capacitance,
or impedance of SCFs is altered, thereby enabling humidity sensing
[153]. Xin et al. developed a conductive fiber sheet through electro-
spinning of Zinc oxide (ZnO) NPs/polyvinylidene fluoride (PVDF)
composites, followed by in situ polymerization of PANI onto the fiber
surfaces [154]. The fabricated fiber sheet exhibited a fracture strain
exceeding 30 % and an initial resistance of 9.01 kQ. This material was
subsequently employed to fabricate a humidity sensor that demon-
strated high sensitivity and fast response time of 38 s under humid
conditions, signifying reliable and stable humidity detection. The
sensing mechanism relies on chemical adsorption, where water mole-
cules interact with PANI and facilitate the abstraction of protons (H™)
from amino groups (-NHy). This allows the lone pair electrons on ni-
trogen atoms to resonate with the phenyl groups along the PANI back-
bone, effectively enhancing electron delocalization and thereby
modulating the electrical properties of the sensor.

4.3. Wearable heaters

Wearable heaters are designed to regulate body temperature and
safeguard individuals in extreme environmental conditions. Their
operation primarily depends on Joule heating, a phenomenon where
electrical energy is transformed into heat as current passes through
conductive materials [155,156].

SCFs possess superior flexibility and stretchability, making them
suitable for wearable heater applications. When integrated into textile
structures, they maintain wearer comfort and deliver efficient thermal
insulation. Importantly, these fibers can conform to complex body ge-
ometries while consistently sustaining heating performance, offering
practical value for military cold-weather apparel and medical thera-
peutic devices [155]. Zhang et al. fabricated a SCF by wet-spinning
process using coaxial needle, in which polyurethane (PU) formed the
shell and GalnSn served as the core [157]. The resulting core-shell
structured fiber exhibited a fracture strain exceeding 300 %, an initial
conductivity of 3.4 x 10° S/m, and a low GF of 3.1 under 200 % strain.
When the SCF was used as a heating element in wearable applications, it
exhibited stable thermal output that increased proportionally with the
applied voltage, reaching 39.2°Cat 0.1 Vand 85.2°Cat 0.6 V. Similarly,
Yu et al. developed a SCF based on a composite of MXene, liquid metal,
and SBS (Fig. 6g) [158]. The SCF showed a fracture strain greater than
500 %, an initial conductivity of 3.923 S/m, and a GF of approximately
0.33 under 300 % strain. To fabricate a wearable heater, the SCFs were
first woven, after which copper electrodes were connected to both ends
using silver paste. The wearable heater incorporating this fiber achieved
a temperature rise to 26.6 °C at 1 V and reached 103.7 °C under 4 V,
demonstrating robust heating capabilities.

4.4. Wearable displays

Wearable displays can be directly integrated on human body,
enabling real-time visual output and communication through light
emission [159,160]. Early implementations involved attaching rigid
LEDs to fabrics, resulting in devices that were bulky and thick, thereby
diminishing the drapability and washability of textiles [161]. In
contrast, displays constructed from SCFs are lightweight and capable of
deforming in synchrony with human motion. These systems can adhere
to skin or integrate into garments while preserving wearer comfort and
fabric flexibility [162]. For SCF-based displays to operate reliably under
mechanical deformation, high luminance and high current efficiency at
low operational voltages are critical requirements [163]. Jin et al.
developed a core-shell SCF via wet spinning using liquid metal and
polyacrylonitrile [164]. The SCF showed a fracture strain exceeding 20
% and an initial resistance of 3.7 Q. Moreover, by incorporating
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luminescent materials and thermochromic pigments into the shell layer
during fabrication, color changes in response to temperature variations
can be enabled. Upon applying a current of 0.6 A, color shifts were
observed due to Joule heating effects in the liquid metal core (Fig. 6h). A
wearable display was fabricated by weaving the SCFs into a textile
structure. The display based on such SCFs not only enabled pressure
detection through electrical signals but also induced color changes
corresponding to the location and intensity of the applied pressure,
thereby allowing pressure visualization. The pressure sensor based on
such SCFs not only enabled pressure detection through electrical signals
but also induced color changes corresponding to the location and in-
tensity of the applied pressure, thereby allowing pressure visualization.
Peng et al. constructed a woven display by combining ionic
liquid/PU-based conductive weft fibers produced via melt spinning and
Ag-based warp fibers coated with ZnS-based phosphors [165]. At the
intersections of weft and warp, electroluminescent units were formed.
When voltage was applied, an electric field was established between the
conductive weft and luminescent warp, causing electron excitation
within the ZnS phosphor doped with Cu or Mn, followed by photon
emission as the electrons relaxed to the ground state. The device
exhibited a luminance of approximately 115 cd/m? under an opera-
tional electric field of 3.7 V/um at 2000 Hz.

4.5. Wearable energy harvesters

Energy harvesting technologies transform diverse environmental
energy sources, including human motion, thermal gradients, and vi-
brations, into electrical energy, which is particularly valuable for pow-
ering E-textiles and wearable electronics where continuous energy
supply is limited [166,167]. Activities such as breathing, fluctuations in
body temperature, blood circulation, arm movement, typing, and
walking can collectively produce power outputs exceeding 100 W,
positioning them as viable sources of sustainable energy [168].
SCF-based energy harvesters can be seamlessly integrated into textiles,
offering stable power to E-textiles without frequent battery charging
while preserving flexibility and breathability for user comfort [6,169].

In recent studies on SCF-based energy harvesters, the triboelectric
and piezoelectric effects have often been employed. The triboelectric
effect describes contact-induced charge transfer between two materials
of different positions in the triboelectric series, while the piezoelectric
effect converts mechanical deformation of piezoelectric materials into
electrical energy via polarization-induced potential differences [170].
Hao et al. fabricated a core-shell SCF based on GaInSn and silicone
rubber via dry-spinning, achieving a fracture strain exceeding 300 %
and maintaining a GF of 0.31 under 130 % strain (Fig. 6i). [171] The
SCF-based energy harvester was fabricated by weaving the fibers in a
warp-weft configuration, in which the liquid alloy contained in the
central channel functioned as the electrode, while the surrounding
silicone-rubber fiber network acted as the insulating and frictional layer.
Using the SCF, they developed a triboelectric nanogenerator (TENG)
achieving an output voltage of 175 V and a power density of 469
mW/m? Meanwhile, Kuo et al. fabricated a SCF from SBS and AgNPs via
electrospinning, achieving a fracture strain of 711.85 % and a GF of
approximately 0.31 at 150 % strain [172]. Combining PVDF and
AgNWs, they developed a nanogenerator delivering a piezoelectric
voltage of 29.5 V, a current of 0.39 pA, and a power output of 11.57 pW.

5. Quantitative trend analysis of SCFs

A total of 124 studies published during the past decade were sum-
marized in Table S1 for the quantitative trend analysis of the mechanical
and electrical properties of SCFs, including the maximum work strain,
the GFayg, and initial conductivity. It should be noted that the maximum
work strain is defined as the highest strain at which variations in
resistance are detectable, representing the effective stretchability of
SCFs to sustain functional electrical responses. Most SCFs exhibited
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maximum work strains ranging from several tens to over 1000 %,
indicating that they possess the minimum stretchability required for
potential application in E-textiles. In addition, in this analysis, the GFayg
was defined as the maximum ratio of resistance variation (Max. AR/Rg)
divided by the maximum work strain to conduct a comprehensive and
fair comparison across previous SCF studies, which utilized different
strain ranges when reporting their GFs.

Based on Table S1, an investigation was conducted to examine how
the structural and material designs influence the key performance
properties of SCFs, as illustrated in Figs. 7-9. Furthermore, the charac-
teristic features of SCFs applied to specific application fields were
extracted, as illustrated in Fig. 10. After that, the cyclic stretchability of
SCFs was also discussed. To derive reliable insights from numerous
references, various materials and structural designs were systematically
classified and treated as independent variables.

5.1. Effect of structural design on performance of SCFs 173-211

Fig. 7 provides a comprehensive overview of structural design effects
on SCFs, classified by the types of conductive materials. Across all
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material types, SCFs without structural engineering, referred to as
'Dense' (Black squares in Fig. 7), exhibited relatively higher GFqyg
compared with SCFs incorporating specific structural designs. This can
be attributed to the fact that in the absence of engineered structural
features, the applied strain is directly transferred to the conductive
network, thereby amplifying the relative resistance changes under
deformation. In other words, the lack of structural accommodation
mechanisms causes even small tensile strains to induce significant per-
turbations in the conductive pathways through filler-filler separation,
tunneling-distance expansion, and microcrack initiation within the
matrix etc., leading to enhanced strain sensitivity and, consequently,
higher GF,yg values [39].

In contrast, SCFs with structural designs such as helical, serpentine,
or wrinkle configurations (Blue triangles, green inverted triangles, and
purple diamonds in Fig. 7, respectively) consistently demonstrated
significantly lower GFayg. The reduced GFqyg in these cases reflects the
fundamental role of structural engineering in mitigating strain-induced
disruptions within the conductive network. Specifically, these engi-
neered geometries provide intrinsic mechanical compliance: wrinkles
unfold, serpentine patterns elongate, and helices extend in response to
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Fig. 7. Effect of structural design on performance of SCFs compared in terms of GF,,z versus maximum work strain: Structural designs, including dense,
porous, helical, serpentine, and wrinkle, are distinguished within each material category; a) Carbon-based, b) Metal-based, c¢) Conductive polymer-based, and d)
Liquid metal-based SCFs. The values of GF,g are defined as the maximum ratio of AR/R, divided by the maximum work strain. The reference data from the research
conducted over the past 10 years are provided in Table S1 of the Supplementary Materials.
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past 10 years are provided in Table S1 of the Supplementary Materials.

external strain. Such deformation mechanisms enable the material to
accommodate mechanical stretching through geometric rearrangements
rather than through substantial displacement of conductive fillers [1].
This strain-decoupling effect stabilizes the percolation network by
limiting filler-filler separation, suppressing tunneling-distance changes,
and delaying microcrack initiation within the matrix [40]. As a result,
the inter-filler distance remains relatively stable during stretching, and
the resistance variation is minimized, thereby yielding lower GFayg
values. In particular, the serpentine structure exhibited a maximum
work strain of only about 200 %, whereas the wrinkle and helical
structures demonstrated a much broader range of maximum work
strains depending on the material type. This difference arises because
the helical architecture employs a three-dimensional curved form, and
the wrinkle structure allows flexible adjustment of the pre-strain level,
while the serpentine structure relies on a planar curved form. Sepa-
rately, while these structured SCFs offer clear advantages in achieving
high stretchability, their unconventional geometries could raise some
challenges about how readily they can be integrated with conventional
textile fibers with dense structures and whether they can feasibly tran-
sition into commercial applications.

In contrast to SCFs with other structural designs, SCFs with porous
structures generally exhibited high GF.yg, comparable to that of dense
SCFs. This behavior can be ascribed to the fact that the presence of pores
alters the way strain is distributed within the material. When SCFs are
stretched, the applied strain is not evenly dispersed but is instead
concentrated around the pore boundaries. This localized strain con-
centration induces a pronounced separation between conductive fillers,
thereby causing a significant increase in the inter-filler distance. Such
microstructural deformation enhances the sensitivity of the SCFs to
strain, leading to higher GF., values. Furthermore, in the porous
structure, lower initial conductivity was observed in carbon- and metal-
based SCFs, which is primarily attributed to the extension and disruption
of electrical pathways within the conductive network (Fig. S1). In
porous configurations, the conductive channels are elongated and more
tortuous, which increases the overall resistance of the system. As a
result, the initial conductivity decreases because the electrons encounter
a longer and more resistive percolation path before achieving stable
conduction. Exceptionally, porous SCFs incorporating liquid metals
exhibited high initial conductivity, which is considered to result from
the superior intrinsic conductivity of liquid metals. Collectively, these

1783



K. Han et al.

(a) Dense
] ob
. () 1D
108} Tl A 2p
II \\
[ AY
i v
I \
1 1
\ 1
o 104} ! 1
F A i)
e
o [ S y
(87 =
AR TN
102 } | e, W
i ko
~(21/J ’
\\ /’
100 1 1
101 102 103 104

Max. work strain (%)

Journal of Materials Research and Technology 40 (2026) 1769-1793

(b) g Porous
10 [J oD
Ak A 1D
3 Il @‘ 2D
1 1
100} g
| 1
1 1
r 1 !
P Vo
w 104 7
© 1=l \
[ L '
167 y
102 \ 4
] b T
100 : L
101 102 103 104

Max. work strain (%)

Fig. 9. Effect of material dimensionality on performance of SCFs compared in terms of GF,,g versus maximum work strain: effects of material dimension on
SCF performance are distinguished within each structural category; a) Dense, b) Porous. The values of GF,; are defined as the maximum ratio of AR/R¢ divided by
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effects highlight the dual role of porous structures in simultaneously
enhancing strain sensitivity while compromising initial conductivity.

5.2. Effect of material type on performance of SCFs [96,212-214]

Fig. 8 presents a quantitative analysis of the effects of conductive
material types employed in SCFs. Regardless of the structural design,
SCFs based on carbon and metal materials (Black squares and red circles
in Fig. 8, respectively) consistently exhibited higher GF.yg. than those
utilizing other materials, such as liquid metals, conductive polymers,
and ionic liquids (Blue triangle, green inverted triangles, and purple
diamonds in Fig. 8, respectively). This is attributed to the intrinsic
physical properties of the conductive materials incorporated into or onto
SCFs. As is well known, carbon and metal materials possess high elastic
moduli, which hinder them from conforming well to the deformation of
the polymer matrix [22,215]. On the other hand, liquid metals,
conductive polymers, and ionic liquids are extremely soft and deform-
able, enabling them to accommodate matrix deformation with minimal
disturbance to the conductive pathways [19,216]. As a result, SCFs
incorporating these soft materials generally exhibit lower GF,yg values
while maintaining stable electrical responses under large strains.

In terms of initial conductivity, metal- and liquid-metal-based SCFs
exhibited higher values than those of other material systems due to their
intrinsically high conductivity (Fig. S2). Unexpectedly, carbon-based
SCFs showed the lowest initial conductivity, despite the superior
intrinsic conductivity of carbon, which is even comparable to that of
ionic-liquid-based SCFs. This behavior is likely due to severe filler ag-
gregation caused by n—r interactions among the conjugated structures of
carbon nanomaterials, such as carbon nanotubes and graphene. Even
when partial dispersion is achieved, these strong interactions hinder the
establishment of a well-connected and continuous conductive network
within the polymer matrix, thereby limiting the effective conductivity at
the initial state. All conductive materials exhibit a trade-off in which
higher initial conductivity corresponds to lower GFayg (Fig. S3). This
trend is consistent with percolation behavior in conductive composites:
as the filler network becomes more densely connected, the initial con-
ductivity increases, but the network also becomes less sensitive to small
mechanical perturbations. In such tightly percolated systems, strain-
induced changes in inter-filler distance or tunneling pathways remain
minimal until a relatively large deformation is applied, resulting in
smaller variations in resistance and consequently lower GF values. To
summarize, these observations emphasize that material selection is a
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dominant factor influencing the initial conductivity and GFys.

5.3. Effect of material dimensionality on performance of SCFs

Conductive materials used in SCFs, particularly carbon, metal, and
MXene, exhibit distinct characteristics depending on their morpholog-
ical dimensionality, classified as zero-dimensional (0D), one-
dimensional (1D), and two-dimensional (2D). 0D conductive materials
are spherical particles typically sized between 1 and 10 nm, with
prominent examples including CB and metallic nanoparticles such as
AuNPs and AgNPs [217]. 1D conductive materials, such as CNTs and
AgNWs, possess significantly higher aspect ratios compared to OD ma-
terials, enabling SCFs to reach a lower percolation threshold even with
reduced filler loading. This property is advantageous for achieving low
elastic modulus and enhanced stretchability in SCFs [13,177]. 2D
conductive materials, such as graphene, MXene, and metallic nano-
flakes, consist of one or multiple atomic layers, with each layer held
together by non-covalent interactions such as van der Waals forces [218,
219].

Han et al. developed SCFs based on carbon materials with different
dimensionalities. The fibers containing CB within polymer matrices
experienced a substantial decrease in conductivity upon stretching,
whereas those containing 1D materials (e.g., MWCNTs) maintained
better conductivity under similar deformation [173]. This result is
strongly substantiated by Fig. 9, which quantitatively illustrates the
impact of conductive filler dimensionality on the electrical and me-
chanical properties. SCFs incorporating 0D conductive materials (Black
squares in Fig. 9) exhibit higher GF,y than those employing 1D or 2D
materials (Red circles and blue triangles in Fig. 9, respectively). This
behavior, particularly evident in the cases of dense and porous struc-
tures, originates from the intrinsic characteristics of 0D materials, which
possess smaller particle sizes and lower aspect ratios, making SCFs uti-
lizing OD fillers more vulnerable to the disruption of conductive net-
works under mechanical strain and leading to a pronounced increase in
resistance and, in turn, higher GF,yg [173].

In contrast, SCFs incorporating 1D or 2D conductive materials
generally exhibit lower GFay, a trend that directly arises from the
intrinsic continuity and mechanical robustness of their filler networks.
1D materials such as CNTs and nanowires form elongated, interlocking
percolation pathways that maintain electrical connectivity through
sliding, rotation, and partial reorientation under strain, thereby sup-
pressing abrupt resistance changes. Likewise, 2D materials provide
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Fig. 10. Application comparison of SCFs based on GF,g, initial conductivity, and maximum work strain. a) Maximum work strain vs. GF,,s. The values of
GFqyg are defined as the maximum ratio of AR/R, divided by the maximum work strain. b) Maximum work strain vs. initial conductivity. The reference data from the
research conducted over the past decade are provided in Table S1 of the Supplementary Materials.

broad contact areas and overlapping networks that preserve conductive
pathways even when subjected to substantial deformation. The resulting
low GF,yg values indicate high electrical stability under dynamic strain
conditions for wearable applications, where consistent signal acquisi-
tion or stable current delivery must be maintained despite continuous
body motion. While 2D fillers typically result in SCFs with a maximum
work strain limited to around 100 %, SCFs using 1D fillers exhibit a
much broader range of maximum work strains. This broader variability
arises not only from differences in percolation behavior but also from
the ability of 1D materials to form diverse and mechanically compliant
conductive pathways, such as interlocking, entangled, or partially
aligned networks, combined with the versatility of fabrication processes
used to assemble them [173].

However, the implications of material dimensionality were not
observed in SCFs with helical and serpentine structures. In the case of
the helical structure, this absence can be explained by the fact that the
GF,yg values were exceedingly low, and the variations among them were
negligible, making it difficult to draw any meaningful correlations with

the dimensionality of the conductive materials. For serpentine and
wrinkled structures, the lack of observable implications is likely related
to the limited number of previous studies that have specifically inves-
tigated this configuration. Because only a small body of research is
available, the dataset is insufficient to establish consistent trends or to
quantitatively evaluate the role of dimensionality.

5.4. Cyclic stretchability of SCFs

We analyzed the cyclic stretchability reported in each paper using
strain and strain cycles serving as essential indicators for evaluating
durability under realistic use conditions. To clarify the trends, we
plotted the reported SCFs based on the two parameters. In most reported
studies, cyclic durability of SCFs has been demonstrated under repeated
deformation with applied strains up to ~100 % and cycling numbers
reaching ~10,000. Given that conventional textile fibers are typically
evaluated using only a limited number of high-strain tensile cycles, SCFs
undergo far more extensive cyclic testing [220]. This reflects the
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research trend of positioning SCFs not merely as textiles but as compo-
nents for next-generation wearable electronic devices, aligning with
durability parameter used in commercial foldable mobile devices, which
are tested up to hundreds of thousands of cycles [221]. Only a limited
number of SCFs have been evaluated beyond 20,000 cycles or at stretch
ratios exceeding 200 %. Notably, no study has simultaneously explored
both extreme conditions, indicating a clear trade-off between achievable
strain and cycle number.

From a fabrication-process perspective, SCFs produced via spinning
or coating methods consistently exhibit substantially higher stretch-
ability and cyclic durability than those fabricated using PVD or CVD
techniques (Fig. S4a). While most PVD- and CVD-based SCFs typically
exhibited cyclic stretching only up to ~50 % strain and fewer than
~5000 cycles, spinning-based SCFs commonly showed the stretchability
of 100 % with stable electrical performance over ~10,000 cycles.
Coating-based SCFs further demonstrate robust stretchability even
under more extreme strain and prolonged cyclic loading conditions. This
superior cyclic stretchability originates from the intrinsic structural
compliance of spinning- and coating-derived structures, in which
conductive networks are either embedded within or conformally inte-
grated with elastomeric matrices, enabling distributed stress accom-
modation and delayed crack initiation, whereas PVD- and CVD-derived
SCFs rely on thin, stiff surface-deposited conductive layers that are
prone to interfacial stress concentration, microcracking, and delamina-
tion under repeated large deformation. From a structural perspective,
SCFs tested above ~20,000 cycles adopt stretchable architectures such
as helical or porous designs (Fig. S4b). This indicates that accommo-
dating applied strain through geometric rearrangement or stress-
buffering voids is crucial for mitigating fatigue damage accumulation
[51]. Differences in cyclic stretchability across material types were not
significant (Fig. S4c). When comparing filler dimensionality, SCFs with
1D fillers were generally tested at higher strain and higher cycles than
those using OD and 2D fillers, consistent with their inherently higher
stretchability with diverse and mechanically compliant conductive
pathways (Fig. S4d).

Most studies do not report the failure point of cyclic stretchability,
thus the reported strains do not necessarily reflect the true performance
limits of each SCF. For this reason, we also extracted the relative strain
normalized to the maximum work strain in a single tensile loading
(Table S1 in the Supplementary Materials). The relative strain implies
the SCFs’ potential cyclic durability capacity, which has not yet been
fully realized or demonstrated in existing studies. We found that most
SCFs were tested at less than 50 % of the relative strain, indicating that
their durability claims are typically evaluated under conservative
loading conditions (Fig. S5)

5.5. Application-specific characteristics of SCFs [222-240]

The performance requirements of SCFs differ substantially depend-
ing on their application fields, and the relative importance of GF,yg and
initial conductivity also varies accordingly. GF.yy characterizes the
strain sensitivity of SCFs, whereas initial conductivity is closely associ-
ated with its ability to deliver stable electrical signals. Maximum work
strain implies the mechanical stretching range of SCFs for each appli-
cation field. Therefore, an appropriate balance between GF,yg and initial
conductivity with sufficiently high work strain is essential for optimizing
SCFs for specific functions.

Fig. 10 summarizes the GFayg, initial conductivity and maximum
work strain of SCFs reported in previous studies, categorized according
to their application fields. Most SCFs exhibit a maximum work strain in
the range of 100-1000 %, reflecting the requirement that all wearable-
device applications should remain functional under the large de-
formations caused by human motion and body bending. Characteristi-
cally, SCFs developed for bio-electrode and wearable heaters (Red
circles and blue triangles in Fig. 10, respectively) exhibited relatively
low GF,yg and high initial conductivity. This trend likely reflects the

1786

Journal of Materials Research and Technology 40 (2026) 1769-1793

need to maintain stable current flow under continuous body motion,
which is particularly important for reliable bio-signal acquisition and for
achieving steady, uniform heating in wearable heater applications.
Likewise, SCFs developed for wearable energy harvesters (Purple di-
amonds in Fig. 10) showed a similar trend, which may be due to the
necessity of achieving high short-circuit currents and efficient energy
conversion, along with the requirement for low GF,y; to minimize un-
necessary resistance fluctuations during repetitive mechanical motions.

In contrast, SCFs used for sensors (Black squares in Fig. 10) generally
exhibit high GF,y and low initial conductivity, unlike those used in
bioelectrodes, wearable heaters, or energy harvesters. This is because
high strain sensitivity requires the initial conductivity to be set near the
point where electrical resistance changes most sharply with strain.
Wearable displays (Green inverted triangle in Fig. 10), on the other
hand, commonly employ SCFs with moderate GF and initial conductivity
to ensure stable and uniform device operation. Understanding these
distinctions offers critical guidance for the rational design of SCFs and
supports their integration into next-generation wearable and soft elec-
tronic systems.

6. Challenges and outlook

Despite substantial advances in materials development, structural
design, and fabrication strategies for SCFs, several critical challenges
remain unresolved before their practical integration into textile systems
can be fully realized. In particular, long-term durability and user-related
considerations under realistic operating conditions have not yet been
sufficiently addressed. This section therefore discusses several key un-
resolved issues, including wash durability, biocompatibility, chemical
stability under environmental exposure, and dyeability, which funda-
mentally limit the practical adoption of SCFs. Addressing these chal-
lenges in a systematic and application-oriented manner will be essential
for bridging the gap between laboratory-scale demonstrations and
industrial-scale implementation.

6.1. Wash durability

Wash durability refers to the ability of SCFs to maintain their elec-
trical performance, mechanical integrity, and structural morphology
after repeated laundering cycles, which inherently involve water im-
mersion, detergent exposure, mechanical agitation, and temperature
fluctuations during washing and drying. Unlike conventional textile
products, wash durability in SCFs entails more stringent requirements. it
must ensure not only the preservation of mechanical properties and
appearance but also the stability of continuous conductive pathways
under coupled chemical, mechanical, and thermal stresses. As a result,
wash durability directly governs long-term reliability, user safety, and
consumer acceptance, and thus represents a critical prerequisite for
commercialization [241].

Despite its importance, current wash durability evaluations for SCFs
remain highly fragmented, as summarized in Table S2. Testing ap-
proaches reported in the literature range from simple water immersion
to mechanically intensified protocols employing stirring or ultrasonic
agitation. Some studies incorporate detergents to enhance chemical
stress, whereas others rely on household washing machines to approx-
imate real-use conditions. Washing durations and cycle numbers vary
widely from a few minutes to several hours or even months of exposure,
and from a single cycle to more than 200 cycles. Moreover, the selection
of testing standards is inconsistent, with studies referencing AATCC 61,
AATCC 135, ISO 6330, JIS L1930, GB/T 3921-2008, or adopting non-
standardized procedures.

Such variability underscores the absence of a unified framework for
evaluating wash durability in SCFs, complicating cross-study compari-
sons and obscuring meaningful performance benchmarks. More criti-
cally, although real laundering inherently involves not only exposure to
water and detergents but also thermal fluctuations during drying
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processes, the effects of thermal cycling and drying-induced thermal
stress on the electrical and mechanical stability of SCFs remain largely
unexplored. This omission represents a significant gap in current dura-
bility assessments.

From a broader perspective, this gap highlights the urgent need for
standardized, multidimensional testing frameworks that move beyond
simplified or purely accelerated laundering models. As critically dis-
cussed by Rotzler and co-workers, the diversity of washability tests in E-
textiles reflects not methodological flexibility but rather the absence of a
coherent evaluation framework that links laboratory protocols to real-
istic use conditions. Future wash durability assessments for SCFs should
therefore capture the coupled and sequential nature of laundering, in
which chemical exposure, mechanical agitation, and thermal cycling
interact synergistically throughout washing and drying processes [242].

In parallel, performance metrics must be explicitly defined with
respect to electrical functionality, including acceptable thresholds for
resistance drift, signal stability, and electrical failure modes under
repeated laundering. Equally important, standardized protocols should
be aligned with realistic usage scenarios, such as expected washing
frequency, service lifetime, and end-use categories, to ensure industrial
relevance. Establishing harmonized benchmarks along these lines will
be essential not only for enabling meaningful cross-study comparisons
but also for bridging the gap between laboratory-scale demonstrations
and industrial validation of wash-durable SCFs [243].

6.2. Biocompatibility

Biocompatibility refers to the ability of SCFs to operate without
eliciting adverse biological responses, including cytotoxicity, skin irri-
tation, and sensitization, as well as electrical and physicochemical side
effects such as leakage current, conductive particle shedding, and
harmful electrochemical reactions upon contact with skin or bodily
environments. As SCFs are directly integrated into wearable and textile-
based electronic systems, biocompatibility constitutes a fundamental
prerequisite for commercialization, governing user safety, regulatory
acceptance, and reliable long-term wearability under repeated me-
chanical deformation and prolonged skin contact.

To address these concerns, extensive research efforts have explored
material-, structure-, and process-level strategies to improve the
biocompatibility of SCFs. Representative approaches include the use of
intrinsically biocompatible materials, such as liquid metals and hydro-
gels, to reduce the biological risks associated with rigid metallic con-
ductors or brittle conductive coatings [199,200,230]. Structurally,
electrospinning-based fabrication has enabled highly porous fibrous
architectures that enhance air permeability and moisture transport,
thereby alleviating skin occlusion and irritation during continuous wear
[126]. In addition, microfluidic encapsulation strategies have been
developed to confine conductive components within sealed elastomeric
channels, effectively preventing conductive particle leakage and unin-
tended exposure of electrical pathways to the surrounding tissue envi-
ronment [196]. Several studies have further validated these designs
through in vivo assessments using rodent models, demonstrating stable
bio-signal acquisition without observable tissue damage, inflammation,
or abnormal immune responses [105,135].

Nevertheless, most reported biocompatibility assessments remain
limited to proof-of-concept demonstrations and are weakly connected to
regulatory evaluation frameworks. Wearable E-textiles are not devel-
oped in a regulatory vacuum. Depending on their intended use, they are
already subject to existing standards and guidelines that explicitly or
implicitly define biocompatibility requirements. Consequently, SCFs, as
core functional components of E-textile systems, should be designed,
fabricated, and evaluated with these frameworks in mind.

For medical device-oriented applications involving prolonged or
repeated skin contact, E-textiles are expected to comply with the risk-
based biological evaluation framework defined in ISO 10993-1. This
framework requires standardized assessment of cytotoxicity, skin
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irritation, and sensitization, often supported by alternative non-animal
testing methods such as OECD Test Guideline 439, which evaluates
skin irritation using reconstructed human epidermis models. However,
many existing studies rely on simplified cytotoxicity assays or limited in
vivo observations, which are insufficient to demonstrate compliance
with regulatory-grade biocompatibility requirements. For consumer-
grade applications such as sportswear and outdoor apparel, E-textile
are expected to comply with textile safety frameworks rather than
medical biocompatibility standards. In this context, OEKO-TEX® Stan-
dard 100 is adoptable to certify chemical safety and skin compatibility
by restricting harmful substances in E-textile products intended for
direct skin contact. At the same time, international standardization ac-
tivities led by IEC/TC 124 are actively defining safety, reliability, and
performance requirements for wearable electronic systems, under-
scoring that E-textiles are increasingly subject to formalized technical
standards.

Therefore, although substantial progress has been made in
improving the intrinsic biocompatibility of SCFs through material
innovation and structural design, the lack of systematic, regulation-
aligned evaluation strategies remains a critical barrier to industrial
adoption [244]. To enable meaningful translation from laboratory
research to commercial products, future studies must move beyond
material-centric demonstrations and explicitly incorporate standardized
biocompatibility assessments aligned with existing E-textile and wear-
able regulations [245].

6.3. Chemical stability

Chemical stability describes the ability of SCFs to retain their elec-
trical and mechanical performance, as well as structural integrity, when
exposed to chemically aggressive environments such as human sweat,
variable pH conditions, detergents, and outdoor pollutants. Sweat-
derived salts, acids, and organic compounds, together with washing
surfactants and alkaline solutions, can accelerate corrosion, hydrolysis,
swelling, and interfacial delamination of SCFs [223,227]. Consequently,
achieving chemical stability comparable to that of commercially estab-
lished textile products is essential to ensure reliable long-term perfor-
mance under realistic wear and laundering conditions.

To mitigate chemical degradation, various material- and structure-
driven strategies have been proposed. These include fluorinated
polymer-based waterproof coatings that act as hydrophobic and chem-
ically inert barriers [223], soft elastomeric encapsulation layers such as
Ecoflex that combine hydrophobicity, chemical stability, and mechani-
cal compliance [227], and core-shell fiber architectures that physically
isolate conductive cores from external chemical stimuli [207]. In addi-
tion, strengthening the interfacial interactions between conductive
fillers and polymer matrices via tailored surface functionalization has
been shown to suppress conductive particle detachment and preserve
interfacial integrity under chemically challenging conditions [77].

Despite these advances, chemical stability has predominantly been
evaluated under simplified laboratory conditions. For practical deploy-
ment in wearable and textile-based applications, chemical stability of
SCFs must be systematically evaluated under well-defined chemical
stress conditions that emulate actual wear scenarios, including exposure
to artificial sweat, repeated laundering processes, and long-term envi-
ronmental weathering.

Accordingly, standardized chemical stability evaluations should be
incorporated to reflect realistic use conditions of SCF-based E-textiles. In
particular, artificial sweat exposure tests based on ISO 105-E04 provide
a practical framework to assess the resistance of SCFs to sweat-induced
chemical stress during prolonged skin contact. Although originally
developed for color fastness evaluation, this standard offers a chemically
relevant environment that can be extended to monitor changes in
electrical performance and structural integrity of SCFs. In addition,
chemical durability under repeated laundering, evaluated using ISO
6330 and AATCC 61, is critical for SCFs intended for wearable and
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textile applications [243]. These standards simulate detergent exposure
and washing-induced chemical stress under controlled conditions,
enabling systematic assessment of performance retention and failure
modes associated with repeated washing cycles [241].

In addition to sweat and laundering, weathering resistance consti-
tutes a critical yet often overlooked component of chemical stability for
SCF-based E-textiles intended for outdoor and daily-use applications.
Although no standardized test methods have been specifically estab-
lished for evaluating the weathering resistance of SCFs or E-textiles,
these systems ultimately function as textile products exposed to sun-
light, temperature fluctuations, humidity, and atmospheric pollutants.
Accordingly, well-established weathering standards originally devel-
oped for conventional textiles offer the most practical evaluation
frameworks, even though they were not explicitly designed for
conductive fibers. Textile-based standards such as the ISO 105-B series
for light fastness and the accelerated aging protocols defined in the ISO
4892 series, together with weathering test methods specified in AATCC
TM16, AATCC TM169, and ASTM G154 and G155, have been widely
used to evaluate the environmental durability of fibers, fabrics, and
coated textiles under simulated outdoor conditions.

While these standards do not directly address electrical functionality,
their application to SCF-based systems enables systematic investigation
of photo-induced and environment-driven chemical degradation pro-
cesses, including polymer oxidation, embrittlement, and interfacial
deterioration, which can directly compromise conductive pathways and
encapsulation layers. Therefore, adapting existing textile weathering
standards to SCF-based E-textiles, coupled with concurrent monitoring
of electrical and mechanical performance, represents a rational and
necessary approach for evaluating long-term chemical stability in the
absence of SCF-specific regulations.

6.4. Dyeability

A significant challenge lies in exploiting adequate dyeability in SCFs.
Color, as a visual parameter, has a profound impact on human percep-
tion, emotional response, garment aesthetics, initial consumer interest,
and ultimately, purchasing behavior [246]. As a result, dyeability is a
critical factor that determines the practical usability and commercial
prospects of SCFs-based E-textiles, particularly for specialized applica-
tions such as military uniforms, where color precision and vibrancy are
essential [247]. However, SCFs constructed from carbon-based or
metallic materials often exhibit inherently dark hues, leading to low
lightness values even after dyeing processes. Furthermore, ensuring that
mechanical and electrical properties remain stable during dyeing in-
troduces additional technical complexity [24]. Consequently, advancing
the integration of SCFs into conventional textile dyeing workflows de-
mands innovative strategies focused on both improving the durability of
these fibers and enhancing their dyeability through structural and ma-
terials engineering [246,248,249].

7. Conclusion

This review has provided a comprehensive overview of SCFs,
focusing on structural designs and conductive materials as the primary
factors governing their mechanical and electrical properties, while also
outlining representative fabrication techniques and highlighting po-
tential applications. Detailed discussions have also been included on the
characteristics of different structural configurations, the intrinsic prop-
erties of the materials employed, and the fundamental principles of
processing methods.

In particular, based on studies reported over the past decade, we
quantitatively analyzed how the structural designs of SCFs and the
conductive materials incorporated into them influence GF and initial
conductivity. Furthermore, we extracted the generalizable characteris-
tics of GF and initial conductivity associated with potential application
fields as presented in previous studies. These systematic evaluations not
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only provide more accurate perspectives on the current state of SCFs but
also are expected to serve as guiding principles for future SCF research
and technological advancement.

Future research will likely focus on enhancing the functional per-
formance of SCFs while concurrently addressing the essential re-
quirements of wash durability, biocompatibility, chemical stability, and
dyeability. Progress in this field will depend on multidisciplinary col-
laborations that bridge traditional textile engineering with advanced
materials science, nanotechnology, and chemical processing, paving the
way for practical, safe, and commercially viable E-textile.
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