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Fiber-based electronic devices (FEDs) exhibit high flexibility, low weight, and excellent integrability
into wearable, implantable, and robotic systems. Recent advances have enabled applications in
sensing, energy harvesting, and storage, and active functions. Despite this progress, challenges such
as mechanical fatigue, interfacial delamination, and signal instability remain. This review offers key
challenges and perspectives on the future of FEDs as interactive, autonomous platforms for next-

generation electronics in healthcare, robotics, and beyond.

Over the past several decades, electronic technologies have advanced sig-
nificantly across a broad spectrum of applications, such as healthcare'™,
industrial systems®™’, defense'' ™", and consumer devices'**. However,
conventional rigid and bulky electronic devices reveal inherent limitations
in specific real-world environments that require mechanical flexibility,
stretchability, and adaptability to target surface'™”’. In response to these
challenges, deformable electronic systems based on soft materials have
emerged as promising alternatives, overcoming many of the constraints
associated with traditional platforms®. Nevertheless, the predominantly
planar architecture of soft electronic systems still poses practical difficulties
in achieving seamless integration with conformity to dynamic or irregular
geometries™”.

To address these challenges, fiber-based platforms have emerged as a
promising alternative for next-generation soft systems, particularly suited
for spatially restricted environments due to their fine diameter and
mechanical flexibility”*”’. These unique features have led to the growing
adoption of FEDs across various applications. Wearable applications par-
ticularly benefit from the form factor and mechanical compliance of FEDs.
By being directly embedded into fabrics, fiber devices enable real-time
monitoring of physiological signals and body movements, and can also
provide visual feedback through integrated fiber-based displays, while
preserving comfort and mobility for the user’*’. Compared to conventional
patch-type devices, textile-integrated fibers provide higher conformity and
reduced motion artifacts, making them advantageous for continuous and
long-term use. Additionally, in biomedical contexts, FEDs have shown
significant promise for minimally invasive and chronically implantable
systems™ . Representative applications include smart sutures integrated
with fiber-based electrochemical sensors, mechanical sensors, or electrical
stimulators. Depending on the device configuration, these systems can

monitor local biochemical markers such as pH levels or analyte con-
centrations indicative of inflammation, deliver therapeutic electrical sti-
mulation to the sutured site, or detect strain changes in ligaments following
surgical repair. These versatile fibers offer both diagnostic functionality and
structural support, reducing equipment requirements and simplifying
surgical workflows. Furthermore, their tiny volume enables implantation
with minimal tissue disruption and immune reactions. Robotic systems also
increasingly utilize FEDs to enhance sensory feedback and actuation in soft
or articulated components™ . For instance, fiber-based sensors integrated
within soft robotic structures can measure actuation-induced deformations
without interfering with the motion of soft actuators. Moreover, to realize
soft actuators with maximized energy efficiency and lightweight char-
acteristics, various types of fiber-based actuators are being actively devel-
oped. In this way, FEDs are evolving beyond simple sensing components
into multifunctional platforms capable of detecting various physical and
physiological stimuli, harvesting and storing energy, and delivering con-
trolled outputs as needed’”.

Despite significant advances in the design, fabrication, and functional
integration of FEDs, the transition toward practical deployment and com-
mercial viability remains hindered by several critical challenges. A primary
issue is mechanical fatigue under repeated deformation cycles™"'. Given the
intended use of FEDs in dynamic environments, such as wearable garments,
implantable tissues, or robotic systems, the fibers are often subjected to
cyclic tensile, compressive, or bending strains. Over time, such mechanical
stress can induce microcracks within the fiber devices, ultimately leading to
electrical failure or loss of performance. Another major limitation arises
from the delamination or detachment of functional materials coated on the
fiber surface™*. Conductive polymers or metal nanostructures applied via
dip-coating, spray-coating, or electrochemical deposition may not adhere
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reliably under strain or in physiological environments, particularly when
exposed to moisture, salts, or enzymatic activity. This can result in a gradual
decline in device performance, reduced signal fidelity, or complete dela-
mination of the active layer. Such degradation phenomena are particularly
critical in implantable applications, where the devices are chronically
exposed to aqueous and chemically active environments within the body.
Compromised adhesion or material loss can trigger adverse biological
responses, including inflammation or immune rejection, thereby under-
mining both device performance and biocompatibility. Furthermore,
maintaining uniform functionalization along the entire fiber length is a
persistent manufacturing challenge, especially when dealing with meter-
scale or continuous fibers"*. Variations in coating thickness, surface
roughness, or material distribution can cause spatial inconsistencies in
electrical conductivity or performance of fiber devices, complicating elec-
trical signal calibration and reducing device reproducibility.

To identify and address these technological bottlenecks, this review
provides a comprehensive overview of recent advancements in diverse
FEDs, with a particular focus on sensing devices, energy storage and har-
vesting systems, and various active devices. Moreover, unlike previous
reviews that primarily concentrate on single application domains or
material systems, this work offers a system-level and integrative perspective
on the development of FEDs. To this end, we discuss cross-functional
strategies that integrate diverse functionalities and evaluate the technology
readiness level (TRL) of each device category, thereby proposing valuable
insights for researchers and engineers aiming to implement FEDs in prac-
tical applications (Table 1). In the first section, the review begins by intro-
ducing various fiber-type sensing devices which can detect mechanical,
thermal, chemical, and electrophysiological signals. The discussion
encompasses their working principles, material design strategies, perfor-
mance enhancement approaches, and their applications. In the second
section, fiber-based energy harvesters utilizing ambient sources such as
human motion and body heat, along with highly stable fiber-shaped energy
storage devices, are also discussed. These technologies are reviewed in the
context of their potential to enable self-powered fiber systems. The third
section provides an in-depth overview of diverse active fiber devices such as
light-emitting fibers for displays, fiber-based actuators, and fiber-based
electrical stimulator for therapeutic applications. The active-type FEDs
extend beyond passive sensing functions and offer capabilities for visual
feedback, mechanical actuation, and localized bioelectrical stimulation,
thereby expanding the functional scope of fiber-based electronics toward
fully interactive systems. Finally, the conclusion outlines current advance-
ments and remaining challenges of FEDs with a specific focus on integrating
multiple functional modules, ensuring long-term durability under practical
use, mitigating the impact of environmental noise, and maintaining per-
formance reliability. Based on these discussions, we present future directions
and strategies for the practical implementation of next-generation soft
systems in real-world industrial and medical environments Fig. 1.
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Fiber-based sensing technologies

The rapid advancement of smart technologies has accelerated the growth of
fields such as the Internet of Things (IoT), artificial intelligence (AI), and
autonomous systems'*"’. Within these fields, accurate and continuous data
acquisition through sensors is fundamental to enabling adaptive, data-driven
operation, thereby intensifying the demand for high-performance sensing
platforms. Similarly, sensing technology is regarded as a critical foundation in
the development of fiber-based autonomous smart systems™**. Fiber-based
smart sensors offer distinct advantages as wearable or implantable devices,
enabling direct signal sensing across diverse environments and supporting
real-time data sensing. Fiber-based sensors can be designed to respond to a
wide spectrum of physical, chemical, and biological stimuli, depending on the
type of signal being targeted (Fig. 2 and Table 2). This versatility allows for
precise monitoring across a range of applications. Representative examples
include changes in electrical properties caused by mechanical
deformation®™, thermoelectric or resistive variations induced by tempera-
ture fluctuations™*, and colorimetric or conductivity shifts resulting from
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Table 1 | Technology Readiness Level (TRL) of fiber-based soft systems
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Fig. 1 | Overview of FEDs for smart systems.
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Fig. 2 | Technology readiness level (TRL) of various fiber-based sensors.

specific chemical interactions™*. In addition, fiber sensors are capable of
detecting subtle bioelectrical signals generated by muscle contractions and
neural activity’”*.

Fiber-based sensors offer a versatile platform for translating diverse
physical and chemical stimuli into measurable electrical signals, enabling
their seamless integration into a wide range of smart systems™. However,
despite their multifunctionality and adaptability, challenges such as material
uniformity, mechanical durability under repeated deformation, and signal
stability under dynamic conditions continue to pose obstacles to system-
level integration. To address these technical limitations, recent research has
begun to address these limitations through the integration of advanced
materials and machine learning based data processing. Firstly, on the
materials side, efforts have focused on enhancing intrinsic properties such as
electrical conductivity and mechanical robustness, as well as engineering the
sensor microstructure to achieve high selectivity toward specific stimuli.
Secondly, in parallel, increasing efforts have been devoted to integrating

sensor outputs with Al and machine learning algorithms to construct
intelligent sensing platforms with enhanced analytical capabilities and real-
time feedback control™”. This integration has taken various forms,
employing a range of machine learning models such as linear regression
(LR), K nearest neighbors (KNN), random forest, long short-term memory
(LSTM), convolutional neural network (CNN), recurrent neural network
(RNN), and multilayer perceptron (MLP) among others*"*>. Moreover, the
convergence of advanced materials and machine learning serves as a
powerful framework to extract and interpret meaningful patterns and
insights from the large-scale datasets generated by fiber type sensors.

Mechanical sensors
Among various types of soft sensors, mechanical sensors that detect phy-
sical deformations, such as strain****, pressure””"', bending’>”°, and
twisting”””*, have been actively developed to enable precise monitoring of
mechanical stimuli. These sensors are typically fabricated by combining
conductive materials, such as carbon nanotubes (CNTs)****%-52
graphene’™*% MXene®™* ™, metallic nanofillers’”*’, and conductive
polymers™~, with soft polymer matrices. To enhance both sensitivity and
durability, a variety of fabrication techniques have been employed, including
blending & mixing™”*, in-situ formation™*'", dip-coating”"'",
electroplating'*"'%, metal deposition'”"'*”, and melt extrusion''*""". Fiber-
based mechanical sensors, in particular, can be seamlessly attached to or
implanted within the human body due to their intrinsic flexibility and con-
formability, enabling real-time monitoring of physical and physiological
movements. Furthermore, these sensing signals, through interaction with the
environment, can be integrated with advanced machine learning technolo-
gies, including real-time feedback systems, providing distinct advantages for
applications in healthcare, HMI, and soft robotic systems.

Pressure is a key physiological parameter generated in the human
body, such as in blood pressure'™*'", pulse’'", respiration, and muscle
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Table 2 | Comprehensive comparison and overview of fiber-based sensors highlighting their characteristics®25282%38-42,45:49-58,345-350
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activity''*'”, and also serves as a quantifiable signal for interactions with the
environment or between robots and objects’'"*'”’. Among pressure sen-
sors, capacitive-type sensors are advantageous due to their fast response and
high stability"**'*'. When produced in fiber form, they offer additional
benefits such as light weight and miniaturization. Lee et al. developed a
fiber-based pressure sensor using highly conductive Ag nanoparticle-based
fibers arranged in a crossed-layer structure (Fig. 3a)'”. The conductive
fibers were fabricated via a three-step process: coating Kevlar fibers with
Poly(styrene-butadiene-styrene) (SBS), absorbing Ag precursors, and
conducting in-situ reduction. These fibers showed excellent electrical
conductivity (0.15 ©/cm) and mechanical robustness. The sensor, made by
coating the fibers with Polydimethylsiloxane (PDMS) and assembling them
in a cross-point format, exhibited a high response speed (~40 ms), dur-
ability, and sensitivity (0.21 /kPa), as shown in Table 3. A 6 x 6 pressure
sensor array was fabricated by using weaving techniques capable of
detecting ultra-light pressures (as low as 0.25 g), and the fiber-based pres-
sure sensor was successfully applied to human-machine interfaces like
wearable gloves for drone or robot control. Despite these merits, capacitive
sensors based on flexible materials inherently exhibit a trade-off in sensi-
tivity across pressure ranges. Specifically, they maintain high sensitivity
under low pressure (<2 kPa) but show reduced sensitivity at higher pres-
sures (>2 kPa) due to the increased compressive modulus of the constituent
materials. To address this, Qu et al. proposed a resistive-capacitive hybrid
fiber pressure sensor (HFPS) combining both sensing mechanisms
(Fig. 3b)'”. The HFPS has a three-layer coaxial structure: an elastic electrode
layer (Polyurethane (PU) with high CNT content) a piezoresistive layer (PU
with low CNT content), and an insulating layer, fabricated via coaxial wet
spinning. Under low pressure, reduced insulation gaps increase the capa-
citance of the sensor. At high pressure, the piezoresistive layer densifies,
raising CNT content and dielectric constant. With further pressure, CNTs
form conductive paths, increasing effective electrode area and capacitance.
The HFPS showed high sensitivity in both low (1.28 /kPa) and high (0.93
/kPa) pressure ranges and could detect 1.6 mg water droplets. This full-
range sensitivity enabled stable pulse monitoring under preload, demon-
strating its value for wearable medical platforms. A wireless HFPS system
further validated its potential in healthcare applications. Nevertheless, such
sensors still face challenges: nonlinear signal responses, signal saturation at
high pressure, and sensitivity to contact area variations. When implemented
in array formats for high-resolution pressure mapping, pressure sensors
may face challenges such as crosstalk and reduced spatial resolution. To
address these, future work should aim to develop sensors with linear
responses across pressure ranges and minimal sensitivity to contact area. In
addition, strategies to reduce signal interference in dense arrays will be
crucial for enhancing the accuracy and applicability of pressure sensing
systems in healthcare, robotics, and other fields.

Joints and soft tissues such as fingers, elbows, and knees undergo
continuous bending during daily movements, from subtle displace-
ments to large angular flexions. Accurate detection of these motions is
essential for applications in wearable healthcare, rehabilitation mon-
itoring, and advanced HMI technologies. To meet these needs, Wang et
al. developed a fully flexible weft-knitted wearable sensor (WTS) using
ultrahigh-strength braided smart yarn'**. This smart yarn, composed
of ultra-high molecular weight polyethylene braided around Ag-plated
polyamide (PA), provided both rigidity and protection (Fig. 3c).
Scalable braiding allowed for mass production, and the smart yarn was
integrated into breathable, flexible textile sensors via flat-knitting
machines (Fig. 3d). The WTS operates via triboelectricity, generating
signals through contact and separation between the smart yarn and PA
layer, producing triboelectric charge and inducing alternating voltage
and current. The sensor showed high sensitivity (3.00 V/kPa) and
strong linearity (R> = 0.99). As a smart elbow guard, it accurately
detected bending angles and analyzed motion parameters such as
range, frequency, and duration (Fig. 3e). It distinguished complex
upper-body movements, such as walking, rope skipping, push-ups, and
boxing, highlighting its utility in intelligent sports monitoring. The
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sensor also shows promise for use in extreme sports training, military
field monitoring, and hazardous workplace tracking. Despite promis-
ing results, challenges persist in accurately quantifying bending angles.
Signal drift and material relaxation from repeated deformation and
long-term physiological exposure compromise measurement stability.
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also cause signal inaccuracies. Future efforts should focus on using
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durable materials, curvature-insensitive structural designs, and stable
attachment strategies to enhance reliability on curved body surfaces.
Measuring strain signals is essential for quantifying and interpreting
mechanical deformations in various systems and environments. Strain
induced by motion or force reflects structural stability, material behavior,
and biomechanical movement. Real-time strain sensing enables early
detection of dynamic changes or anomalies. Among various sensing
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Fig. 3 | Mechanical sensors. a Schematic illustration of a fiber-based pressure sensor
and a cross-sectional SEM image of the conductive fibers. The sensing mechanism is
based on measuring the change in capacitance formed at the intersection of two
stacked conductive fibers. Reprinted with permission'*’. Copyright 2015, WILEY-
VCH Verlag GmbH & Co. KgaA, Weinheim. b Schematic diagram of a resistive-
capacitive hybrid fiber pressure sensor and corresponding cross-sectional SEM
image showing the distinct layers of the fiber electrode. Reprinted with
permission'”. Copyright 2023, American Chemical Society. ¢ Schematic of scalable
braiding technology and SEM images of the top and cross-sectional morphology of
the smart yarn. (UBSY Ultrahigh-strength ultra-high-molecular-weight poly-
ethylene Braided Smart Yarn, UHMWPE Ultra-high-molecular-weight Poly-
ethylene, PA Polyamide) d Photographs of the weft-knitted wearable sensor (WTS).
e Voltage output of the smart elbow guard corresponding to various arm bending
angles. c-e Reprinted with permission'**. Copyright 2024, Springer Nature.

f Gesture-based information transmission using a core-shell nanostructured smart
fiber. Reprinted with permission'”. Copyright 2024, WILEY-VCH Verlag GmbH &
Co. KgaA, Weinheim. g Wirelessly received sensing signals from the ionic hydrogel

fiber strain sensor corresponding to different motion states of a robotic bird. Various
motions include static wings at different positions, and high-speed wings flapping at
different frequencies. Reprinted with permission'*’. Copyright 2022, Springer
Nature. h Images showing the posture and movement of the user, along with a tactile
frame capable of monitoring them. Reprinted with permission'"®. Copyright 2021,
Springer Nature. i Controlling a robotic hand using a smart glove underwater.

j t-distributed stochastic neighbor embedding (t-SNE) visualization of 3,000 strain
data points (150 samples for each of the 20 gestures). Each point in the figure
represents the strain information of one hand gesture projected from 5 dimensions
into 2 dimensions. i, j Reprinted with permission'*. Copyright 2022, Elsevier Inc.
k Photograph of the artificial muscles. I Schematic illustration of the artificial muscle
architecture (i, ii, and iii correspond to the liquid metal-based sensing and elec-
trothermal core, the cured liquid crystal elastomer actuation layer, and the adhesive
outer sheath). m Schematic of illustration of artificial muscle feedback sensing and
actuation by external pressure. k-m Reprinted with permission'’'. Copyright 2025,
Elsevier Inc.

Table 3 | Performance comparison table of mechanical sensors

No. Fabrication process Conducting materials Sensing range Sensitivity Durability (Cycles) Response time Young’s Modulus
1?2 In-situ formation Ag particles 0-20 kPa (Pressure)  0.21 /kPa 10,000 40ms 994 MPa

2 Wet spinning CNTs 0-50 kPa (Pressure) 1.28 /kPa 2600 20 ms 3.4GPa

3'?*  Braiding Ag-plated yarn 0-135° (Bending) 3.00 V/kPa 40,000 ~125ms 1.45 MPa

4% Wet spinning MXene, AgNWs 0-100% (Strain) 12,383,500 (GF) 500 ~380ms 12.5MPa

5% \Wet spinning SWCNTs 0-1000% (Strain) 4.41 (GF) 1000 30ms 240 kPa

6'"®  Dip coating Graphite/copper nanoparticle  0-140 kPa (Pressure)  ~4 kQ/N 1000 - 12.2 GPa

7' Manual coating MXene 0-80% (Strain) 10.3 (GF) 500 ~110ms -

8'""  Rotational molding Liquid metal 0-50% (Strain) 1.9 (GF) 500 124 ms -

mechanisms, such as piezoresistive, piezoelectric, capacitive, and tribo-
electric, piezoresistive sensors are widely used for their simple design, fast
response, and ease of fabrication, relying on changes in electrical resistance.
Zhou et al. developed a core-shell nanostructured smart fiber for human
motion detection and health monitoring (Fig. 3f)'*". The fiber consists of a
conductive layer formed by coating MXene and silver nanowires (AgNWs)
on a wet-spun supramolecular PU fiber, and a shell layer made by elec-
trospinning PU containing silica-modified SrAl,O4:Eu*", Dy** phosphors.
This architecture achieved an outstanding gauge factor (12,383,500) and
~100% sensing range. MXene provided strong interfacial bonding for
conductive network formation, and AgNWs reinforced conductivity.
Integrated into gloves, the fiber enabled encrypted language expression and
Morse-code-based signal transmission, showcasing potential for fabric-
based interaction systems (Fig. 3f).

Due to their compact and lightweight design, fiber-based strain sensors
are also suitable for robotics. Wang et al. fabricated ionic hydrogel fiber
strain sensors via wet-spinning of sodium polyacrylate (PANa)-based
hydrogel doped with single-walled carbon nanotubes (Fig. 3g)'*. pH tuning
modulated polymer conformation, adjusting modulus, strength, and
stretchability through phase separation-induced entangled networks. The
ionic hydrogel fiber strain sensor showed a broad sensing range (up to
1000%) and stable function under high-frequency stretching (8.6 Hz).
Integrated into a robotic bird, it monitored wing flapping at ~16.5 Hz with a
30 ms response/recovery time, demonstrating utility in both wearable and
robotic electronics (Fig. 3g). However, for practical applications in health-
care, rehabilitation, robotics, and virtual reality, key technical challenges
remain. Piezoresistive-type fiber strain sensors experience repeated stress
during use, which can cause material fatigue and structural deformation,
lowering performance over time. They also suffer from signal drift due to
stress relaxation under static strain, limiting long-term accuracy. To address
these issues, future work should focus on integrating fatigue-resistant elastic
materials and developing components with minimal time-dependent
behavior.

In recent research, various intelligent applications have been realized
by integrating fiber-based mechanical sensors with machine learning
technologies. This integration enables a transition from simple signal
acquisition to system-level perceptive platforms capable of interpreting
complex physical interactions'”~'”’. A notable example is presented by Luo
et al, who developed a tactile textile system for posture and activity
recognition using a piezoresistive fiber-based sensing network (Fig. 3h)"".
The core of the sensing fiber consists of stainless steel, which provides
mechanical robustness and electrical conductivity, while the sheath layer is
composed of a piezoresistive composite of graphite nanoparticles, copper
nanoparticles, and PDMS elastomer. This coaxial structure is fabricated
through a drawing-based coating process, yielding highly flexible fibers with
a diameter of approximately 600 um. The resulting fibers can be seamlessly
integrated into garments such as vests using digital knitting, enabling body-
scale tactile sensing. To interpret the large-volume, high-dimensional
pressure data produced by the knitted vest, Luo et al. employed a con-
volutional neural network (CNN) for posture recognition. CNNs are par-
ticularly advantageous for spatially structured data such as tactile maps, as
they utilize convolutional filters to extract local and translation-invariant
features. The parameter-sharing mechanism of CNNs further improves
computational efficiency and generalization, which is especially beneficial
for wearable systems. In this study, the CNN model achieved 99.66% clas-
sification accuracy across ten different seated and reclining postures,
demonstrating its robustness in dealing with sensor-level noise and inter-
subject variability. Notably, the use of the vest configuration enabled the
system to comprehensively map pressure distributions across the torso,
allowing for fine-grained recognition of body orientation. This result not
only highlights the effectiveness of CNN-based tactile learning for posture
classification but also reveals its transformative potential in healthcare
applications. By embedding such sensor-textile systems into garments, it
becomes feasible to continuously monitor and assess a patient’s posture in
real time. This capability could be extended to posture correction, rehabi-
litation monitoring, and early detection of mobility disorders, offering a
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non-invasive, comfortable, and data-driven solution for personalized health
care interventions.

Another representative example of an intelligent system based on
fiber-mechanical sensors is the HMI platform. In such systems, sensor-
generated data is not merely collected but actively utilized to interpret
user intent and to enable interaction with external devices such as
machines or robotic systems (Fig. 3i, j)"*’. This potential of integrating
fiber-mechanical sensing with machine learning technologies is exhib-
ited in the research of Duan et al. In their study, MXene-based fiber
sensors were integrated into a glove using textile-compatible sewing
techniques. These sensors captured finger deformation signals, which
were then wirelessly transmitted through a flexible circuit module
embedded in the glove. Their dense connectivity structure allows for
capturing complex dependencies among input channels, and their
nonlinear activation functions enable them to model fluctuations and
variability in sensor signals caused by different users or dynamic hand
motions. Moreover, multilayer perceptron, machine learning algorithm,
offers the advantage of relatively low computational cost, making them
well-suited for embedded and real-time wearable platforms. Through
this approach, the system achieved a classification accuracy of 98.1%
across 20 distinct hand gestures, including numbers and symbolic signs
such as “OK” and “I love you.” Following classification, the decoded
gesture was used to remotely actuate a robotic hand in real time,
demonstrating the full sensing-to-control capability of the integrated
system. This example clearly illustrates that the role of machine learning
extends beyond passive data analysis; it enables real-time decision-
making and actuation, highlighting its essential contribution to intelli-
gent, feedback-driven HMI applications.

Data acquired from sensors can be utilized through two primary
strategies: machine learning and feedback control. Machine learning algo-
rithms are well suited for extracting patterns and making inferences from
large datasets, enabling predictive modeling and complex behavior recog-
nition. In contrast, feedback control leverages real-time sensor input to
dynamically regulate actuator responses. This approach is particularly
effective when sensing and actuation are physically integrated within the
same system, allowing for direct, low-latency interactions without the need
for external computation. Such sensor-actuator integrated architectures
have been extensively explored in the development of artificial muscles, a
key class of soft robotic systems that demand responsive and adaptive
actuation. In the study by Chen et al., an example of an artificial muscle,
which is an integration system of sensor and actuation, can be confirmed
(Fig. 3k)"*". The sensor introduced in this study is constructed using a coaxial
fiber structure that consists of a liquid metal core fully enclosed by a liquid
crystal elastomer shell (Fig. 31). When external mechanical stimuli such as
bending, compression, or tensile force are applied, the cross-sectional area of
the liquid metal core decreases, resulting in a measurable change in electrical
resistance (Fig. 3m). This resistive change serves as the fundamental sensing
mechanism of the fiber. Based on this sensing principle, the authors
developed an artificial muscle system in which the sensing and actuation
functions are intrinsically coupled through a material-driven feedback
control process. When mechanical deformation is applied to one fiber
within a parallel fiber bundle, the resistance of the deformed fiber increases
due to the reduction in its internal cross section. As a result, electrical current
is redistributed toward adjacent fibers that experience less deformation. This
redirection of current causes localized heating through resistive change. The
generated heat increases the temperature of the liquid crystal elastomer
above its transition point, leading to thermal contraction of the neighboring
fiber. When the external force is removed, the system passively returns to its
original shape through the elastic recovery of the elastomer matrix. This
configuration enables autonomous actuation in response to external
mechanical inputs without requiring external controllers. Because sensing
and actuation occur within the same physical structure, the fiber system
functions as a self-regulating artificial muscle capable of real-time feedback
response. Rather than replacing machine learning, the embedded feedback
control mechanism introduced in this study offers complementary

advantages, particularly in applications that demand fast and localized
decision-making without depending on large volumes of data or intensive
computational resources.

Fiber-based mechanical sensors are attracting growing interest due to
their ability to detect various mechanical stimuli such as pressure, bending,
and strain with high spatial resolution and mechanical flexibility. These
features make them suitable for applications in health monitoring, human
machine interfaces, rehabilitation systems, and soft robotics. However, for
reliable operation in real-world environments, several challenges must be
overcome. Sensor outputs can be influenced not only by the intended sti-
mulus but also by unintended mechanical disturbances such as off axis
deformation or vibration. In addition, environmental factors like humidity
and temperature fluctuations may alter the mechanical and electrical
properties of soft polymer materials, resulting in signal drift and reduced
durability. To address these limitations, a combination of materials design
and adaptive signal processing is essential. Encapsulation can improve
environmental stability and long-term reliability, while structural tuning of
fiber geometry and electrode configuration enhances sensitivity and selec-
tivity. The integration of advanced materials such as conductive composites
or nanomaterials can further improve resilience, stretchability, and signal
quality under complex loading conditions. Furthermore, fiber-based sen-
sors are increasingly being used not only for passive sensing but also as active
elements in intelligent control systems. When coupled with computational
techniques such as machine learning, sensor outputs can support pattern
recognition, prediction, and adaptive responses. These algorithms help
correct nonlinearities and external noise in real time. In parallel, feedback
control enables systems to monitor their own behavior and adjust para-
meters dynamically, improving linearity and stability. Together, these
approaches expand the role of fiber-based sensors from simple signal
detectors to multifunctional elements that support autonomous and
adaptive operation in diverse environments.

Temperature sensors

Thermal sensing technologies have been widely adopted in applications
ranging from body temperature monitoring to industrial safety
management'*>'”. These sensors detect thermal energy or temperature
fluctuations from objects or environments and convert them into electrical
signals. Representative thermal sensors include temperature sensors, heat
flux sensors, and thermal imaging cameras. Among these, temperature
sensors are the most commonly used due to their simplicity and compat-
ibility with a variety of smart systems. Temperature sensors are generally
classified as either contact-based or non-contact types'**'*>. Contact-based
sensors, such as thermistors, resistance temperature detectors (RTDs),
thermocouples, and mercury thermometers, measure temperature through
direct thermal conduction and typically offer high accuracy*'”. In con-
trast, non-contact sensors, such as infrared (IR) sensors and thermal cam-
eras, detect emitted thermal radiation from surfaces, making them suitable
for applications where direct contact is difficult or undesirable'**"*”. Tem-
perature sensors have evolved from early rigid and fragile equipment such as
mercury thermometers into portable and wearable forms like digital ther-
mometers and smart watches™'*’. Recently, wearable-type temperature
sensors that can conform to the skin and respond to body movements have
been actively investigated. This section reviews recent developments in
fiber-based temperature sensors, focusing on their device architectures,
sensing mechanisms, and applications, along with a discussion on their
technical challenges and potential (Table 4).

Figure 4a, b show a stretchable fiber-based temperature sensor fabri-
cated using the inorganic thermoelectric material copper(I) iodide (Cul)'*".
The temperature sensor was fabricated by absorbing a high concentration of
copper ions into a polyurethane (PU)-based fiber, followed by in-situ
synthesis of Cul nanoparticles using an iodization agent. In addition, to
enhance insulation and durability, an encapsulation layer was added to the
fiber. The densely embedded Cul nanoparticle network enabled the sensor
to achieve a high Seebeck coefficient of 203.6 uV/K under strains of up to
835%. Temperature sensing is based on the Seebeck effect, in which a voltage
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Table 4 | Comparison of various parameters for thermal sensors

No. Fabrication process Conductive Materials Temperature range Temperature resolution Sensitivity Linearity
1 chemical synthesis CulNPs - - ~0.225 mV/°C ~0.999
2142 Wet spinning PEDOT:PSS 30-50°C 0.1°C —1.72%/°C 0.98
31 Thermal drawing rGO/PLA 25-45°C 0.5°C —0.285%/°C 0.999
414 Thermal drawing - 25-600°C - 0.5 pm/°C 0.999
514 Thermal drawing GesAsssTeqo 25-115°C 0.1°C 1mV/°C ~0.999
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Fig. 4 | Temperature sensors for healthcare applications. a Schematic illustration of
a wearable smart glove for temperature, strain, and pressure sensing. (PU: Poly-
urethane; CuINPs: Copper(I) iodide nanoparticles). b Photographic images demon-
strating of temperature sensing capability. The diode is operating in response to the
elevated temperature. a, b Reprinted with permission'"'. Copyright 2024, WILEY-VCH
Verlag GmbH & Co. KgaA, Weinheim. ¢ Schematic illustration of the fabrication
process for a poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)-
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based temperature sensor. (IPA: Isopropanol; DMSO: Dimethyl sulfoxide). d Sensing
performance of the PEDOT:PSS-based temperature sensor. (a: Temperature coefficient
of resistance; r’: Linearity) ¢, d Reprinted with permission'*. Copyright 2023, American
Chemical Society. e Schematic illustration of the fiber drawing process and the tem-
perature sensing mechanism of the sensor. f Photographic images showing a fiber-
based temperature sensor sewn onto the fingertip of a glove. e, f Reprinted with
permission'*’. Copyright 2023, Springer Nature.
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Fig. 5 | Temperature sensors for thermal protection. a Thermal runaway char-
acteristics of 18650 cells with 100% state of charge (SOC). b Photographs captured at
key moments of the critical reactions of the cells during thermal runaway, including
safety venting (I), incubation period (II), thermal runaway (III), and cooling down
(IV). a, b Reprinted with permission'*’. Copyright 2023, Springer Nature.

¢ Photographic and infrared images of the mask, along with temperature responses
during normal and rapid breathing. d Schematic illustration of a thermoelectric
temperature sensor demonstrated for combustion detection, and corresponding
temperature response. ¢, d Reprinted with permission'*. Copyright 2024, American
Chemical Society.

is generated between the two ends of the fiber in response to a thermal
gradient. Demonstrated in a glove-mounted configuration, the sensor
enabled localized temperature monitoring at the fingertip. Furthermore, the
system also featured multi-modal sensing capabilities, including pressure
and strain detection, allowing for real-time tracking of finger movement,
contact force, and skin temperature. Despite these advantages, the Cul
material remains vulnerable to moisture and oxygen, leading to potential
chemical degradation over time. To ensure long-term stability, further
optimization of the encapsulation layer is necessary to improve environ-
mental resistance and mechanical resilience.

Fan et al. developed a core-shell fiber temperature sensor comprising a
PEDOT:PSS-based sensing core and a PU/graphene composite coating layer
(Fig. 4¢c)"”. The fabrication process involved wet-spinning PEDOT:PSS,
followed by dip-coating with the PU/graphene composite. In this core-shell
structure, PEDOT:PSS served as the thermoresistive sensing element, while
the outer layer enhanced thermal conductivity and overall sensitivity.
Additionally, the fiber temperature sensor exhibited high sensitivity
(—1.72%/°C), high resolution (0.1 °C), and a linear resistance-temperature
relationship (R* = 0.98) (Fig. 4d). The sensor was attached to the underarm
area to enable real-time monitoring of body temperature, demonstrating its
effectiveness for non-invasive health tracking in individuals who are sensi-
tive to temperature changes, such as infants, elderly people, and patients with
Alzheimer’s disease. The inherent flexibility of the fiber allowed seamless
integration into wearable textiles, verifying potential for use in garment-

embedded healthcare systems. However, factors such as response and
recovery speed, washability, and long-term electrochemical stability must be
carefully considered to ensure reliable practical deployment. Future research
directions include the development of doping strategies or hybrid material
systems to further enhance the conductivity and stability of PEDOT:PSS.

Figure 4e presents a fiber-based temperature sensor fabricated using
the thermal drawing process'*’. This method involves heating and drawing a
multilayer preform into micro-scale fibers, allowing for the scalable pro-
duction of continuous and high-uniformity functional fibers over hundreds
of meters. The fabricated fiber sensor exhibits a well-defined multi-layer
structure consisting of an rGO/PLA composite core, a polyethylene cladding
for mechanical protection, and a sacrificial polystyrene layer that is removed
post-drawing. This design ensures both mechanical durability and stable
temperature sensing performance, retaining functionality under typical
textile fabrication processes such as sewing, embroidering, and washing.
Furthermore, the rGO/PLA sensing layer features a negative temperature
coefficient, where rising temperature enhances charge carrier mobility,
resulting in decreased resistance. Based on this mechanism, the fiber-based
temperature sensor was integrated into gloves to detect skin temperature
changes and touch interaction, demonstrating its potential as a functional
textile for interactive human-machine interfaces (Fig. 4f).

Unlike conventional temperature sensors primarily intended for body
temperature monitoring, the fiber-based temperature sensors discussed in
Fig. 5 are designed to detect environmental temperature variations and
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Table 5 | Performance comparison across multiple parameters of chemical sensors

No. Fabrication process Target analyte Limit of Detection Selectivity Sensitivity Response time
130 Dip coating Homovanillic acid 4.58 nM Excellent 83.7 pA/nM 2-5s

2167 Dip coating pH ~0.02 pH Excellent 58.9 mV/pH -

3'ee Dry spinning glucose 6 uM Good 11.7 yA/mM cm? <4s

4199 Electrospinning Ammonia gas 1 ppm Good 0.36 AE/ppm*® <20s

573 Electrospinning Formaldehyde gas 0.05 ppm Excellent - 4s

“AE indicates the difference in color perception.

provide early fire warning capabilities, thereby enhancing safety. Mei et al.
developed a compact optical fiber sensor capable of simultaneously mon-
itoring temperature and pressure for real-time detection of thermal runaway
in lithium-ion batteries'*". A Fiber Bragg Grating (FBG) for temperature
sensing and a Fabry-Perot Interferometer (FPI) for pressure sensing are
integrated within a single fiber structure. Moreover, it was fabricated with a
diameter of 125 um and alength of 12 mm, allowing for direct insertion into
commercial 18650-format cells. As shown in Fig. 5a, the sensor captured
dynamic changes in temperature, pressure, voltage, and mass loss during
induced thermal runaway events. The rapid response to both temperature
and pressure variations highlights the potential of the fiber-based optical
sensor as an effective early warning system. Operating over a temperature
range of 25-600 °C and a pressure range of 0- 2 MPa, the sensor exhibited
excellent linearity (R > 0.999) and repeatability. Figure 5b summarizes the
thermal runaway process into four well-defined stages (Stage I to IV),
highlighting the ability of the fiber sensor to provide advanced diagnostic for
combustion and predictive safety systems. This sensing approach is parti-
cularly relevant for safety-critical environments such as electric vehicles
(EVs), energy storage systems (ESS), and unmanned aerial vehicles (UAVs),
where the integration of bulky sensors is often limited by space constraints.
The fine and flexible fiber geometry allows for minimally invasive integra-
tion and cell-level thermal condition tracking while maintaining system
simplicity.

The final example highlights a fiber-based temperature sensing system
developed for respiratory monitoring and proximity fire warning-
addressing personal health along with environmental safety'®. To over-
come the limitations of conventional thermoelectric materials with low
Seebeck coefficients, the authors synthesized an amorphous inorganic
material, GesAsssTeyo, and successfully processed it into a thermoelectric
fiber. This material exhibits a high Seebeck coefficient of approximately
1050 uV/K and excellent thermal stability, maintaining its amorphous
phase even during high-temperature thermal drawing. The fabricated
thermoelectric fiber demonstrated high temperature resolution of 0.1 K,
rapid response time (<5 s), and stable operation across a broad temperature
range (25-115 °C), with reliable output under repeated thermal cycling.
These properties enabled long-term durability and signal stability in prac-
tical applications. Finally, the fiber-based temperature sensor was integrated
into textiles, and the textiles were used to construct wearable systems for
respiratory sensing in face masks and heat proximity alerts in protective
garments (Fig. 5¢, d). These applications leverage temperature changes from
breath or ambient sources.

Fiber-based temperature sensors have demonstrated their capability to
move beyond conventional temperature measurement by enabling real-
time, durable, and textile-compatible sensing in complex environments.
However, for more refined environmental perception, future systems must
evolve toward multimodal sensing platforms that can capture temperature
variations in conjunction with other physical or chemical stimuli. Moreover,
improving the response time, resolution, and long-term environmental
durability remains essential to ensure stable operation in real-world
applications.

Chemical sensors
Chemical sensors have been widely employed in diverse applications,
including physiological monitoring, disease diagnosis, environmental

monitoring, and industrial safety, by detecting various chemical species and
their concentrations in biological and environmental systems'“*'. In the
biomedical field, early diagnostic approaches largely depended on large-
scale, stationary analytical systems designed for single-use applications, and
participants needed to go hospitals frequently for diagnostic purposes'*'*.
With the advancement of thin-film and flexible sensor technologies, these
systems have transitioned into miniaturized platforms, enabling point-of-
care diagnostics'™*"". Recently, increasing demands for user convenience
and real-time physiological monitoring have increasingly focused on the
development of wearable and implantable sensing technologies. In indus-
trial applications, chemical sensors have been widely employed to detect
hazardous gases, toxic chemicals, and heavy metal ions'**'*. These sensors
typically monitor the concentration of specific analytes at fixed locations.
However, such a stationary sensing approach often fails to accurately reflect
the actual exposure conditions of workers, due to spatial limitations in
sensor placement and the lack of user-centered data collection. To overcome
these limitations, recent efforts have focused on the development of fiber-
form-factor chemical sensors that can be conformally integrated with the
human body for real-time detection of surrounding chemical species. Fiber-
based chemical sensors offer lightweight and flexible characteristics,
enabling seamless integration into garments or protective equipment'**'*’.
These features allow for stable and continuous detection even in dynami-
cally changing environments induced by user movement. In addition, their
applicability in structurally constrained environments, where conventional
sensors often face limitations, represents a significant advantage”'*’. In this
context, fiber-type chemical sensors, characterized by high mechanical
flexibility, stretchability, and breathability, have emerged as promising next-
generation platforms for biomedical and industrial applications. Here, we
highlight the broad range of applications enabled by fiber-based chemical
sensing systems (Table 5).

Central nervous system (CNS) diseases are often difficult to diagnose at
early stages and to monitor during treatment, underscoring the critical need
for biomarker-based sensing technologies capable of tracking disease pro-
gression. Among various biomarkers, blood homovanillic acid (HVA), a
major dopamine metabolite, reflects CNS dopamine fluctuations and is
closely associated with the onset and therapeutic response of psychiatric and
neurodegenerative diseases””'*. Accordingly, real-time tracking of blood
HVA, a major dopamine metabolite, provides a practical means of evalu-
ating disease progression and therapeutic efficacy in dopamine-associated
CNS diseases'™*'®. Zou et al. developed an implantable electrochemical fiber
sensor capable of monitoring HVA, a major dopamine metabolite, in per-
ipheral blood rather than cerebrospinal fluid®. This sensor features a dual-
fiber configuration, in which the working electrode (WE) and reference
electrode (RE) are co-twisted to prevent current crosstalk, and is encapsu-
lated with polydimethylsiloxane (PDMS) to ensure stable electrochemical
performance (Fig. 6a). The working electrode was fabricated using highly
flexible Carbon Nanotube (CNT) fibers with high conductivity and low
bending stiffness, coating it with a molecularly imprinted polymer layer to
maximize selective detection of HVA. Additionally, the fabricated CNT
sensor exhibits an electrocatalytic effect toward HVA, achieving a low limit
of detection (LOD) of 4.58 nM. Ultimately, the HVA fiber sensor was
implanted in the rat caudal vein for monitoring HVA, demonstrating an
accuracy of 97.8%, thus verifying the sensor’s high reliability (Fig. 6b).
Moreover, it effectively detected trace-level changes in HVA concentration,
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Fig. 6 | Chemical sensors in biomedical applications. a Schematic of the wireless

sensing platform employing an implantable fiber sensor for real-time monitoring of

Homovanillic (HVA) levels in blood. (MIP: Molecularly imprinted polymer; PVB:
Polyvinyl butyral; PDMS: Polydimethylsiloxane; CNT: Carbon nanotube)

b Comparison of calibration data for HVA from collected blood samples with on-
body readings from the HVA fiber sensor. The data obtained from the HVA fiber
sensor matched well with ex situ measurements of blood samples by a commercial
ELISA kit with an accuracy of up to 97.8%. a, b Reprinted with permission™.
Copyright 2024, American Chemical Society. ¢ Design of the pH-sensing suture,
featuring a core supporting suture thread, a PANI-coated working fiber electrode,
and an Ag/AgCl-coated reference fiber electrode. d Photograph before (left) and
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after (right) the application of the pH-sensing suture to the dorsal wound. e pH
monitoring depending on the presence or absence of dexamethasone (DEX) treat-
ment. Over 3weeks of observation, the pH level in the AD models without dex-
amethasone treatment gradually decreased, but this decline was further accelerated
with dexamethasone treatment. c-e Reprinted with permission'”’. Copyright 2024,
WILEY-VCH Verlag GmbH & Co. KgaA, Weinheim. f Schematic illustration of the
three-electrode glucose sensor integrated into an elastic textile. g Schematic illus-
tration of the fiber working electrode, with Prussian blue (PB) and glucose oxidase
(Gox) for selective glucose detection. (SEBS: styrene-ethylene/butylene-styrene)

h Photographs of the stretchable glucose sensor sutured into an elastic sock.

f-h Reprinted with permission'®. Copyright 2019, American Chemical Society.

confirming its potential for precise dopamine activity monitoring. The HVA
fiber sensor developed in this study offers a significant advantage by
enabling tracking of CNS status in a simpler and safer manner, without the
need for risky procedures such as cerebrospinal fluid sampling. In particular,
it is expected to reduce the burden on patients with neuropsychiatric dis-
orders, such as Parkinson’s disease and schizophrenia, who require frequent
monitoring, and could be a valuable tool for early diagnosis and drug
response evaluation.

Real-time detection of biomarkers related not only to neuro-
transmitters like dopamine but also to the wound environment and tissue
homeostasis is also important'®"'*’. Local pH changes accompany various
biological processes, such as the wound environment, tissue homeostasis,
and cellular metabolism, and serve as key biomarkers for assessing disease
progression, wound healing, and infection status'**'*. In particular, the pH
level at the wound site is closely related to inflammation and the healing rate,
making it one of the critical factors that require precise and continuous
monitoring'®'®. However, conventional pH measurements rely on inter-
mittent methods using external equipment, which have limitations in terms

of real-time detection and minimizing wound irritation. To address these
issues, recent advancements have led to the development of fiber-based pH
sensing sensors in the form of sutures, which can be directly applied to the
wound site'”. The pH-sensing suture shown in Fig. 6¢ is designed with a
structure that integrates the WE and RE into the core fiber, maintaining the
functionality of conventional sutures while enabling continuous monitoring
of pH changes at the wound site. The WE was coated with polyaniline
(PANI) on a polyurethane (PU) fiber dispersed with gold nanoparticles
(AuNPs), allowing for the measurement of pH changes based on potential
variations. The RE was coated with Ag/AgCl and further covered with
polyvinyl butyral to ensure long-term electrochemical stability. The pH-
sensing suture exhibits a sensitivity of 58.9 mV/pH within the pH range of
4.0-8.0, closely aligning with the theoretical value of 59.16 mV/pH, making
it ideal for accurate pH monitoring in physiological conditions. To validate
the performance of this sensor, an in vivo experiment was conducted by
suturing an incision site with the pH-sensing suture to continuously
monitor the pH of the wound in real time. This demonstrated that the suture
could function as a medical suture while simultaneously detecting pH
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changes at the wound site continuously (Fig. 6d, e). This research presents a
fiber-based pH sensing sensor that functions like a conventional suture and
enable real-time monitoring of the inflammation status at the wound site. It
offers the potential to enhance the efficiency of wound management in
existing medical environments.

Researchers have conducted studies not only for temporary disease
prevention and healing monitoring but also for chronic disease monitoring
using chemical sensors. Conventional glucose measurement technologies
typically involve blood sampling from the fingertip. However, this method is
invasive, leading to disadvantages such as discomfort from blood collection
and pain during measurement. Zhao et al. developed a highly stretchable
fiber-based glucose sensor and successfully integrated it into a wearable
system by suturing it into a sock, enabling glucose monitoring in sweat'*".
This glucose sensor is based on an Au fiber three-electrode system, con-
sisting of the working, reference, and counter electrode (Fig. 6f). The WE is
designed to selectively detect glucose by coating the surface with Prussian
Blue (PB) and Glucose Oxidase (GOx), while the RE is fabricated by
depositing Ag/AgCl (Fig. 6g). Due to the selective oxidation of GOx and the
electron transfer facilitation by PB, the sensor exhibits high detection per-
formance (13.9 pA/mM cm®) and a LOD of 6 uM. Additionally, to max-
imize the sensor’s stretchability, a helical structure in this study
demonstrated that this structure maintain stable detection performance
without signal distortion even under a strain of up to 200%. Based on these
high mechanical properties and stable detection performance, the wearable
integration potential of the sensor was evaluated by suturing the fiber sensor
into a sock and conducting an on-body test (Fig. 6h). The subject’s sweat was
measured before and 2 h after a meal, and the results demonstrated that the
sensor functioned properly during wear, successfully detecting changes in
glucose concentration in real time. In view of these findings, the system
demonstrates high practicality in enabling non-invasive and continuous
glucose monitoring, providing a more convenient health monitoring solu-
tion for diabetic patients and individuals requiring blood glucose manage-
ment, in addition to showing potential for integration with wearable smart
healthcare systems.

Fiber-based chemical sensors are also applicable to a wide range of
industrial settings, including industrial safety, environmental monitoring,
and the detection of compositional and reaction-state changes in precision
chemical processes. Despite their widespread use in industrial settings, most
metal oxide-based sensors suffer from low selectivity toward target analytes
and typically exhibit detectable responses only at concentrations exceeding 5
ppm'®"”’. Such limitations are particularly critical given that even trace-
level leakage of toxic gases may result in severe hazards for workers, high-
lighting the need for sensing systems capable of reliable detection at low
concentrations. In addition, many conventional systems installed as sta-
tionary or facility-integrated units make it difficult for individual workers to
achieve real-time safety perception and active response'""””. Kim et al.
developed a colorimetric gas sensor, which enables simple and prompt
detection of low-concentration toxic gases down to 1 ppm and can be
seamlessly integrated into wearable textile systems'®. This sensor was fab-
ricated based on densely electrospun nanofibers and employs colorimetric
dyes and ionic liquids to induce selective responses to specific gases. In
particular, lead acetate (Pb(Ac),) and lead iodide (PbL,) were applied for the
detection of hydrogen sulfide (H,S) and ammonia (NH;), respectively
(Fig. 7a). By uniformly dip-coating the dye onto the fiber matrix, the sensor
achieves high sensitivity for gas detection even at low concentrations down
to 1 ppm, representing a substantial enhancement compared to commercial
H,S sensors, which typically respond only above 5 ppm (Fig. 7b). To
evaluate the practical applicability of the sensor, the nanofiber-based gas
sensor was sewn into textile fabrics to construct a smart textile sensing
platform. When the sensor-integrated fabric was attached to the subject’s
garment and exposed to H,S or NHj gas, a clear color change was observed,
white to brown upon H,S exposure and yellow to transparent as the NH;
concentration increased, thereby enabling real-time visual monitoring of the
surrounding gas environment by the subject (Fig. 7c). This sensing platform
enables the detection of toxic gases at concentrations as low as 1 ppm,

overcoming the limitation of conventional gas sensors that require higher
concentrations for activation, and thus demonstrating its effectiveness in
trace amount gas monitoring. This gas sensing platform enables the
detection of toxic gases at concentrations as low as 1 ppm, overcoming the
limitation of conventional gas sensors that require higher concentrations for
activation, and thus demonstrating its effectiveness in monitoring trace
amounts of gases.

In addition, in working environments where exposure to hazardous
gases may occur, real-time detection and immediate safety response by
workers are critically important. Accordingly, gas sensors need to maintain
high sensitivity under high-temperature and long-term operating condi-
tions, which remains a challenge as conventional metal oxide-based sensors
often suffer from sensitivity degradation and poor long-term stability due to
catalyst agglomeration and surface deterioration at elevated temperatures.
To address this issue, a gas sensor incorporating a heterojunction structure
of carbon nitride nanosheets (MCN) and SnO, was proposed to enhance
sensitivity and thermal stability by providing a stable support for atomically
dispersed Pt catalysts'”’. The sensor was fabricated via an electrospinning
process by mixing Pt atoms with a Sn precursor (SnCl,), where the Pt atoms
function as electron transfer mediators, amplifying the gas sensing signals
(Fig. 7d). To evaluate the applicability of the sensor in real-world industrial
environments, sensing experiments were conducted using 10 representative
hazardous gases that are frequently encountered in industrial settings,
including formaldehyde (HCHO), NH3, and H,S (Fig. 7¢). Gas sensing
performance tests demonstrated that the sensor is capable of detecting
multiple gases, exhibiting particularly high sensitivity toward HCHO.
Compared to conventional SnO,-based sensors, its response was ~5 times
higher. It also exhibited excellent thermal stability, showing only a 7.1%
decrease in sensitivity after continuous operation for over 170 h at high
temperatures. Compared to conventional catalyst-based sensors, which
suffer from performance degradation due to the agglomeration and oxi-
dation of metal nanoparticles at high temperatures, the proposed sensor
demonstrates long-term operational stability. This sensor is expected to
overcome key limitations of conventional metal oxide-based sensors, such
as thermal instability and catalyst agglomeration, and contribute to the
development of gas sensing technologies with high sensitivity and long-term
operational stability. In particular, the sensor’s ability to detect hazardous
gases such as HCHO in real time highlights its strong potential for appli-
cations in industrial safety and environmental monitoring. Although it
currently exhibits high sensitivity primarily toward specific target gases,
future studies may expand its capabilities toward multi-gas detection and
improved selectivity through the integration of diverse metal oxides and
catalytic combinations.

The various fiber-based chemical sensors discussed thus far have
emerged as essential technologies for biomedical and industrial applications,
offering considerable potential for deployment across a wide range of fields,
including healthcare, environmental monitoring, and industrial safety
management. While conventional chemical sensors have exhibited limita-
tions in sensitivity, selectivity, durability, and real-time monitoring, recent
studies have demonstrated progressive performance enhancements through
the use of fiber-based platforms, enabling garment-integrated sensing,
precise biomarker detection from biofluids, and reliable gas sensing under
harsh conditions, to meet the diverse demands of emerging applications,
with active research efforts continuing to advance this field. In future studies,
the integration of multimodal sensing capabilities into a single fiber-based
system is expected to emerge as a key research direction.

Electrophysiological sensors

Electrophysiological sensors are designed to detect voltage variations or
electric currents across multiple biological scales, ranging from individual
ion channel proteins to entire organs such as the heart, by utilizing the
intrinsic electrical properties of biological cells and tissues'”*'””. With the
rapid advancement of medical and healthcare technologies in modern
society, electrophysiological sensors have emerged as essential tools for the
precise assessment and effective management of human physiological
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d, e Reprinted with permission'””. Copyright 2020, American Chemical Society.

conditions'"*"”’. Adoption of electrophysiological sensing technologies is
expanding from clinical diagnostics by medical professionals to applications
in fitness tracking and personal health management. Electrophysiological
sensors offer precise detection of diverse low-amplitude biosignals,
including electrocardiography (ECG)"”*™'**, electromyography (EMG)"*'¥,
electrocorticography (ECoG)'*'”, electrooculography (EOG)'*"'”, and
electroretinography (ERG)'**””, while enabling continuous real-time
monitoring. Owing to these capabilities, they hold significant potential for
early disease diagnosis and prevention, effective chronic disease manage-
ment, and real-time surveillance of high-risk patients. In addition, electro-
physiological sensors allow real-time analysis of physiological responses,
including heart rate, muscle fatigue, and respiratory patterns, thereby
enabling diverse applications such as personalized fitness optimization,
fatigue regulation, and sleep pattern monitoring.

Electrophysiological sensors can be broadly categorized based on their
mode of application into wearable types, which are attached to or worn on
the skin surface, and implantable types, which are directly inserted into the
body for internal monitoring”****. Wearable sensors enable non-invasive
acquisition of biosignals, offering advantages in user comfort and suitability

for prolonged monitoring owing to their user-friendly design’>*". Among
conventional wearable biosensors that interface with the skin, hydrogel-
based electrodes have been widely utilized; however, they present several
drawbacks, including skin irritation, allergic reactions, signal degradation
due to dehydration, limited lifespan, and the need for frequent
replacement™*""””. To address these limitations, dry sensors have emerged as
a promising alternative; however, their inherently high skin-electrode
contact impedance often leads to compromised signal quality’”**”. In
response, recent studies have increasingly focused on developing sensor
technologies that employ novel materials, such as liquid metals (LM) and
liquid metal-based composites (LMP), capable of simultaneously achieving
high mechanical flexibility and superior electrical conductivity’'**'"". These
emerging materials integrate the respective advantages of conventional wet
and dry sensors and are being actively developed to enhance both skin
conformability and signal fidelity. Implantable sensors are directly inte-
grated into biological tissues, enabling high signal accuracy and long-term
stability in in vivo environments. Owing to these advantages, they are
particularly suitable for applications requiring the detection of subtle bio-
signals, such as those in the nervous system. However, implantable sensors
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pose several critical challenges due to their direct insertion into biological
tissues. Conventional implantable electrodes, typically fabricated from rigid
materials such as silicon or metal, have been associated with stiffness mis-
match against soft neural tissues, leading to acute and chronic neural
injuries, neuronal loss, and reactive gliosis***"’. To overcome these limita-
tions, implantable sensors must satisfy essential criteria, such as long-term
biostability, high biocompatibility, and mechanical robustness, to ensure
safe and reliable long-term monitoring in vivo. In particular, the reliable
acquisition of biosignals and continuous monitoring via advanced signal
processing techniques are essential. Addressing these requirements involves
several key challenges, including the development of novel materials that
concurrently offer flexibility and durability, structural innovations to miti-
gate neural damage, and improvements in mechanical performance. These
research efforts aim to overcome the intrinsic limitations of conventional
electrophysiological sensors and advance toward safer and more efficient
platforms for long-term monitoring.

Taylor et al. integrated carbon nanotube thread (CNTT) into
stretchable textiles using standard sewing techniques, thereby creating soft,
wearable dry sensors capable of non-invasive and continuous EKG mon-
itoring (Fig. 8a and Table 6)*'*. CNTT is a fiber-based material fabricated by
twisting 21 strands of monofilament carbon nanotube fibers (CNTF), which
are synthesized via solution spinning. The resulting fiber exhibits out-
standing electrical conductivity, superior mechanical strength, and a unique
combination of stretchability and flexibility. These properties make CNTT
highly promising for applications in electronic textiles and wearable sensor
systems. Specifically, CNTT exhibits low skin-electrode contact resistance,
enabling stable and reliable acquisition of biosignals. In addition, it is sig-
nificantly lighter and softer than conventional metal-based electrodes,
offering enhanced comfort during extended periods of wear. CNTT can
serve dual functions as both sewable electrodes and signal transmission
wires. Notably, CNTT-based electrodes demonstrate excellent durability,
maintaining their performance even after repeated machine washing, while
their intrinsic biocompatibility ensures safe and long-term use. In addition,
the CNTT fabrication process is scalable, rendering it well-suited for the
practical development of electronic textiles. CNTT-based electrodes were
sewn into the inner rib area of a shirt to maintain direct contact with the skin,
enabling continuous EKG monitoring during walking and running.
Experimental results confirmed that the CNTT electrodes delivered signal
quality comparable to that of commercial Holter monitor electrodes
(Fig. 8a).

One of the key requirements for developing advanced smart sensing
systems is the incorporation of multimodal sensing capability. While elec-
trophysiological sensors are highly effective in monitoring human bio-sig-
nals, the complexity of physiological states often cannot be fully captured by
a single type of signal. Therefore, for more accurate and comprehensive
diagnosis and analysis, it is essential to develop systems capable of simul-
taneously collecting and interpreting various physiological and environ-
mental cues. In this context, Wang et al. proposed an organic bioelectronic
fiber that can be seamlessly integrated with biological tissues without
interfering with native biological functions of the host, while simultaneously
enabling multimodal sensing functionalities (Fig. 8b)*"". Unlike conven-
tional sensing technologies that primarily focus on electrophysiological
signal acquisition, this bioelectronic fiber platform integrates multiple
sensing modalities into a single, flexible architecture, enabling responsive
detection of diverse environmental stimuli. For instance, when a fiber array
is attached to the thumb muscle area, it can effectively collect electro-
myography (EMG) signals and detect real-time amplitude variations cor-
responding to increased muscle activity under external loading. Beyond
EMG monitoring, the fiber array functions as a humidity sensor, exhibiting
changes in electrical characteristics in response to environmental moisture
or mist exposure. Furthermore, by incorporating pH-responsive compo-
nents, the system can distinguish varying concentrations of pH mist sprays.
Additionally, upon exposure to hazardous gases such as ammonia, the
dedoping reaction of PEDOT:PSS allows the system to function as a gas
sensor. This fiber-based multimodal sensor thus acts as an integrated

platform capable of capturing a wide range of physiological and environ-
mental stimuli. Moreover, by precisely tuning the orientation and density of
the fiber network during fabrication, the electrical resistance and functional
properties can be engineered to meet specific application requirements.
These bioelectronic fibers are fabricated via a solution-based orbital spin-
ning process at ambient conditions. The resulting fibers maintain a diameter
below 10 pum and form an open, mesh-like structure with microscale por-
osity, enabling conformal integration with highly curved or complex bio-
logical surfaces. Thanks to this structure of the bioelectronic fiber, it
facilitates an imperceptible wearing experience, minimizing tactile inter-
ference and ensuring long-term user comfort. Collectively, the organic
bioelectronic fiber platform. meets critical design criteria-biocompatibility,
multifunctionality, imperceptibility, mechanical flexibility, and reusability-
positioning it as a promising solution for the next generation of wearable
biosensing technologies.

To accurately measure biosignals such as EMG during dynamic
movements, it is essential to achieve seamless and stable integration between
electrophysiological sensors and biological tissues. This requires the sensor
to possess biocompatible mechanical properties, including high flexibility
and stretchability. Various studies have explored coating soft and stretchable
fiber substrates with solid conductive fillers such as carbon nanotubes
(CNTs), graphene, and silver nanowires or nanoparticles. However, these
solid-filler-coated fibers often suffer from a significant increase in electrical
resistance under strain, resulting in a marked decrease in overall con-
ductivity. To address this limitation, Lee et al. developed a bi-layered liquid
metal-polymer composite (BILMP) that combines outstanding durability,
electrical conductivity, stretchability, and biocompatibility (Fig. 8c)*'°. The
BiLMP was fabricated through a two-step process: first, fibers were coated
with polymer-attached LMPs (PaLMPs) using a suspension shearing
technique to impart stretchability; then, CNT-attached LMPs (CaLMPs)
were applied to enhance initial conductivity and mechanical robustness. As
a result, the fabricated BILMP exhibited high conductivity (2.24 x 10° S/m)
and maintained stable electrical performance even under mechanical
deformation. Moreover, BILMP-based stimulation thread devices (BiLMP-
S-threads) demonstrated excellent structural adaptability, enabling reliable
operation even under suturing and knotting conditions (Fig. 8d). This
characteristic makes them well-suited for applications in invasive one-
dimensional bioelectronic systems, such as electrodes for recording brain
activity. The BILMP-S-thread (200 um in diameter) was implanted into the
sciatic nerve of wild-type mice. Upon detecting hindlimb movement, the
BiLMP-S-thread was able to measure EMG signals from the tibialis anterior
muscle (Fig. 8e).

In neural interface technologies such as ECoG and intracortical
recording systems, implantable sensors are essential for achieving high-
precision signal acquisition. While prior studies have focused on neural
recording under static or mildly active conditions, vigorous movement
poses a major challenge. Relative motion between the implanted device and
surrounding tissue often leads to mechanical mismatch, resulting in neural
tissue damage and signal degradation. To address this issue, Tang et al.
developed a soft fiber-based neural device (FND), inspired by the structural
architecture of axons (Fig. 8f)”. The FND utilizes PEDOT:PSS, a highly
conductive and biocompatible polymer, as the primary building block of a
conductive nanofiber network. Using a glycerol, water mixture as a liquid
matrix, the FND was fabricated to exhibit low elastic modulus, high con-
ductivity, and low interfacial impedance. As a result, the FND demonstrates
approximately 100 times greater flexibility than conventional
platinum-iridium (PtIr) wires, thereby enabling stable and reliable neural
recordings in vivo. Notably, the FND maintains mechanical compliance
with neural tissue even during vigorous body movements, ensuring robust
and undistorted signal acquisition. In this study, a 16-channel array was
constructed by bundling 16 individual FNDs with a 100 um inter-channel
spacing. The array was implanted into the dorsal lateral geniculate nucleus
(dLGN) and connected to a wireless head-mounted recording system.
Compared to conventional metal-based electrodes, the FND-based neural
recording system exhibited low specific impedance (579 kQ-pum?) and more
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PEDOT:PSS is a biocompatible mixed ionic and hyaluronic acid, as a skin extracellular matrix analogue, enhances

The fiber sensor is fabricated using a nontoxic material, CNT, and integrated into sportswear, where it exhibits
fibre spinnability and skin adhesion.
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than threefold higher SNR, while maintaining long-term signal stability with
minimal attenuation. Neural signals were recorded in response to light-
induced visual stimuli while the subject cat freely moved and ran, simulating
real-world dynamic conditions (Fig. 8f). The results confirmed that the FND
maintained stable neural signal fidelity even under strong physical activity
(Fig. 8g). Furthermore, compared to conventional rigid electrodes, it was
demonstrated that the FND results in reduced neural tissue damage and
minimized glial response even after long-term implantation. These findings
suggest that the FND’s ability to maximize mechanical compatibility with
neural tissue can significantly enhance neural signal recording in vivo.

Most existing implantable electrodes are fabricated from metals or
micromachined silicon, resulting in a stiffness mismatch with brain tissue of
up to approximately 10° times™”*'*. This pronounced mechanical mismatch
can induce both acute and chronic neural damage, including neuronal death
and gliotic responses”***. Accordingly, the development of electrodes made
from highly flexible materials has emerged as a key research direction.
However, the high softness of ultra-flexible electrodes poses significant
challenges for insertion, often hindering smooth implantation. As a result,
methods have been developed that involve using temporary stiffeners to
reinforce the electrodes before insertion or inserting the electrodes with a
rigid probe and removing the probe afterward. However, both stiffeners and
probes can cause neural tissue damage during the implantation process, and
even after removal or dissolution, they continue to induce cell loss and
neuronal activation. This poses a risk of both acute and chronic neural
damage, as well as an increased likelihood of surrounding neuronal injury
and disruption of the blood-brain barrier (BBB). To overcome these lim-
itations, Vitale et al. developed a microfluidic device employing fluidic
microactuation technology (Fig. 8h)*”'. By regulating the fluid flow within
microchannels, controlled tensile forces are applied to the electrode, pre-
venting bending and enabling precise micron-scale insertion into brain
tissue, without the need for external stiffeners. Moreover, the device
incorporates localized fluid diversion at the injection site to prevent
increases in intracranial pressure. They successfully inserted CNTf elec-
trodes (12 um in diameter) into an agarose-based brain phantom to a depth
of 4.5 mm using the Fluidic Microdrive (Fig. 8h). Subsequently, CNTf
electrodes were precisely implanted into the cortical depth of the rat brain
using the Fluidic Microdrive, allowing for continuous neural signal
recording (Fig. 8i, j). These results demonstrate that the Fluidic Microdrive
facilitates accurate and minimally invasive insertion of ultra-flexible elec-
trodes, thereby minimizing tissue damage and offering a refined approach to
neural interfacing,

These studies have enhanced the performance of neural interfaces and
demonstrated high applicability in clinical and daily-life applications that
require long-term monitoring. Notably, these technologies are evolving
beyond basic biosignal monitoring to function as neural signal transducers.
Such functionality can support rehabilitation for amputees using prosthetic
limbs or patients with neuromuscular impairments, while also contributing
to the development of assistive devices that utilize neural control signals.
Despite these promising developments, there are still challenges that need to
be addressed for these technologies to advance into practical applications.
First, electrophysiological sensors handle large volumes of data, requiring
the development of advanced data processing techniques. Algorithms for
noise suppression, signal stability enhancement, and real-time signal ana-
lysis will be essential. Second, continued innovation in materials and device
architectures is necessary to improve SNR. Wearable and implantable
sensors require continued technological improvements to ensure high-
quality electrical signal sensing and recording. Third, thermal management
remains a critical issue, especially for implanted devices, where heat gen-
eration must be minimized to avoid adverse effects on surrounding biolo-
gical tissues. Lastly, research aimed at improving biocompatibility and
durability is essential, and systematic research and clinical evaluations must
continue to ensure the long-term reliability and safety of the sensors. In
conclusion, the various electrophysiological sensors and neural interface
technologies discussed in this study hold the potential for advancements in
biosignal monitoring and neural interface applications. Future research
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should focus on further enhancing electrode material performance,
advancing data processing technologies, and increasing the practical
applicability of these technologies in clinical settings. Furthermore, electrical
sensors based on neural interface technologies are expected to play a critical
role not only in rehabilitation therapy but also in a wide range of areas such
as neural prosthetics, smart medical systems, and brain-computer interfaces
(BCI). As these studies accumulate, electrophysiological sensors will be
expected to play an important role in fields such as healthcare, rehabilitation,
neuroscience, and BCI.

Fiber-based energy harvesting and storage

To enable the practical deployment of fiber-based smart systems, equal
attention must be given to both high-performance sensing technologies and
stable energy supply systems capable of sustaining long-term operation. With
the rapid advancement of fiber-based sensing technologies, their integration
into diverse textile platforms has accelerated, giving rise to a wide range of
multifunctional smart systems. However, in most of the smart systems
developed to date, while the sensing components have been successfully
implemented in fiber form, essential energy supply elements, such as batteries
and interconnects, still rely on conventional components with limited
mechanical flexibility". This mechanical mismatch, arising from the disparity
in flexibility between fiber-based sensors and conventional power compo-
nents, can compromise the overall deformability of the system and ultimately
limit the long-term stability and continuous operation of the sensors.
Therefore, to address mechanical mismatches and ensure system-wide flex-
ibility, the integration of fiber-based energy harvesting and storage technol-
ogies is essential for establishing fully compliant and unified smart textile
platforms. Researchers are actively developing energy harvesting technologies
such as piezoelectric, triboelectric, and magnetoelastic principles™, lever-
aging reusable environmental energy sources to produce usable levels of
electrical power suitable for operating wearable or low-power electronics™**.
The energy sources utilized in these energy harvesting technologies include
mechanical deformations, such as human motion or repetitive movements of
machinery, as well as sustainable energy forms like solar radiation, thermal
gradients, and ambient radiofrequency (RF) waves. These mechanisms
enable the capture of underutilized ambient energy and its conversion into
usable electrical power for low-power electronics. Moreover, their inherent

compatibility with textiles enables seamless integration into garments,
making them highly promising for continuous and autonomous energy
harvesting in daily life. Both advanced energy harvesting strategies and the
integration of efficient and reliable energy storage technologies are required to
achieve the development of autonomous smart systems. Recent research has
explored various storage platforms, including supercapacitors that offer high
power density and rapid charge-discharge performance, and highly safe
aqueous batteries based on Zn-ion and Na-ion chemistries™ . To further
improve safety, alternative electrolytes with enhanced thermal and chemical
stability, such as solid-state and gel-based formulations, are being investigated
to replace conventional liquid electrolytes. Additionally, flexible fiber-shaped
batteries are being developed to meet the mechanical requirements of
wearable systems, facilitating seamless integration into textile-based plat-
forms. By integrating energy harvesting and storage technologies into textile
platforms, it becomes possible to enable multifunctional capabilities such as
biosignal monitoring, environmental sensing, and wireless communication.
Importantly, such technologies pave the way for fully autonomous systems
that can operate independently of external power supplies, enabling con-
tinuous and self-sustained functionalities. This energy autonomy forms a
foundational requirement not only for sensing and communication but also
for driving active functionalities, such as actuation and therapeutic stimula-
tion, which are discussed in the following chapter.

Fiber-based energy generators

In the perspective of energy generating sources, active and passive energy
sources are utilized. First, active energy sources are induced by human
motions or machine actuation. Those sources are reliable sources that can be
effectively exploited by fiber-based energy harvesters. These devices convert

external mechanical stimuli, such as contact-separation®* ",
231-233

compression and bending”**”, into electrical energy through
triboelectric™* ™,  piezoelectric™™*, and magnetoelastic conversion
mechanisms**~*. The triboelectric mechanism involves charge separation

induced by contact and subsequent separation between two dissimilar
materials (Fig. 9a). Due to the difference in their electron affinities, electrons
are transferred during contact, resulting in an electrostatic potential dif-
ference across the surface. When applied to highly flexible fiber-based
devices, the triboelectric effect can be maximized due to the large surface
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area, which results in more friction between fiber devices, under mechanical
deformability of the substrate™****’. In addition, triboelectric nanogenerators
(TENGs) inherently generate high voltage with low current output™. This
characteristic makes TENGs particularly advantageous for electronic sys-
tems that require high-voltage input. However, repeated contact-separation
cycles may lead to material abrasion and gradual degradation in electrical
output, posing challenges to long-term durability and stability”****". The
other weakness is that this mechanism relies on surface friction, and its
energy conversion efficiency tends to decrease under low-friction condi-
tions. The piezoelectric mechanism generates electrical voltage through
dipole reorientation and induced polarization within the piezoelectric layer
under applied mechanical pressure (Fig. 9b). Owing to this principle, pie-
zoelectric devices, where the output is proportionally correlated with the
magnitude and frequency of the applied mechanical force. This enables
reliable and predictable performance, particularly advantageous for con-
sistent energy harvesting under cyclic loading conditions™****. However,
this effect is only triggered by dynamic deformation, as piezoelectric
materials do not respond to static pressure>*>. Therefore, continuous
energy generation requires cyclic mechanical loading and unloading, and
the transient nature of the response imposes inherent limitations on sus-
tained power delivery. Moreover, mechanical stimuli can induce an indirect
energy generation process. The magnetoelastic mechanism operates based
on variations in the magnetic field that occur when a magnetostrictive
material is subjected to mechanical stimuli. These changes in magnetization
induce an electric current through electromagnetic induction (Fig. 9¢). This
mechanism enables non-contact power generation, offering unique
advantages. The magnetoelastic mechanism operates without direct
mechanical contact, which helps prevent surface abrasion and enhances
long-term durability. This operating principle also enables wireless energy
harvesting, and magnetoelastic devices enable to utilize efficient perfor-
mance even over long distances. They can also function in constrained
environments or through obstacles, making them suitable for enclosed or
in vivo applications. However, the stability of the electrical output can be
influenced by the content and spatial distribution of magnetic particles
within the active layer***"". Furthermore, the generation procedure can be
interrupted by external magnetic field, which may lead to energy generation
efficiency degradation.

In addition to active energy sources, passive energy sources have also
garnered increasing attention in the field of energy harvesting. In line with
this trend, researchers have been expanding the scope of energy sources to
include passive inputs. Such sources, including heat and light, can operate
under static conditions, unlike mechanically driven energy harvesting
devices that rely on user motion®*~*. The strength possibly makes a stable
energy supply. Among the energy harvesting strategies using passive energy
sources, thermoelectric harvesting”?****, which utilizes thermal energy, is
based on the Seebeck effect, wherein a temperature gradient induces elec-
tron movement and generates an electric potential (Fig. 9d). In wearable
devices, this principle allows electricity generation without physical motion
by exploiting the temperature difference between the skin and the sur-
rounding air"*********. However, a constant heat supply is necessary to
maintain the temperature gradient, which directly influences the output
performance of thermal energy harvesters. Furthermore, the absence of a
continuous thermal gradient significantly hinders the energy harvesting
efficiency of these systems. Therefore, recent research has focused on
enhancing electron mobility through the doping of conductive materials, as
well as improving energy conversion efficiency by employing structural
designs that increase the effective cross-sectional area for heat transfer.
Alongside thermal energy, light represents another major energy source that
is readily available in everyday environments. Photovoltaic harvesting,
based on the photovoltaic effect, generates electricity through the movement
of electrons at the junction of p-type and n-type semiconductors upon light
exposure (Fig. 9e). This mechanism enables the use of both natural and
artificial light sources™'. Photovoltaic energy harvesting offers a relatively
high energy density output™’. Another key advantage is its use of an eco-
friendly and virtually limitless energy source. On the other hand, since

energy generation in photovoltaic systems relies entirely on light absorption,
the output inevitably drops in the absence of light, such as during nighttime
or in dark indoor environments. To address this limitation, recent research
has focused on enhancing energy conversion efficiency and developing
strategies to improve performance under low-light conditions.

Figure 10a illustrates the structural configuration of a textile-based
TENG weaved using a single-electrode triboelectric yarn (SETY)*”. The
SETY adopts a core-shell architecture, in which a conductive silver yarn
serves as the central core, while two distinct electrospun nanofibers, com-
posed of polyvinylidene fluoride (PVDF) and polyacrylonitrile (PAN), are
uniformly deposited around the core. Within the triboelectric layer, PVDF
and PAN function synergistically to enhance device performance: PVDEF,
with its high dielectric constant, primarily contributes to triboelectric charge
generation, while PAN improves the overall structural flexibility of the fiber,
owing to its excellent inherent softness. By combining tailored material
properties with architectural optimization, this approach effectively enhances
the triboelectric performance and energy conversion efficiency. The SETY
fabricated via electrospinning exhibits a diameter of approximately 350 um
and a weight of 0.33 mg/cm. Owing to its lightweight, flexible nature and
scalability in production, it holds strong potential for practical applications.
Building on the advantages of lightweight design and scalability, Ahn et al.
systematically evaluated the energy harvesting performance of the TENG
constructed by weaving SETYs. Under an operating frequency of 2.5 Hz and
an applied contact force of 5 N, the device demonstrated a maximum output
voltage of 40.8 V, a current density of 0.705 wA/cm? and a charge density of
9.513 nC/cm’. Furthermore, the generated current exhibited a proportional
increase with expanding contact area, indicating excellent output stability and
strong potential for scalability (Fig. 10b).

In addition to energy conversion efficiency, energy harvesting devices
are also expected to maintain mechanical stability under long-term defor-
mation while allowing ease of maintenance. To fulfill these requirements,
Zhou et al. designed a TENG with integrated self-healing functionality and
enhanced durability (Fig. 10c)*". The self-healing functionality of the device
is enabled by the integration of an electrically heated wire (EHW) and a low-
melting-point alloy (LMPA) as a key structural component. The self-healing
process is thermally induced by Joule heating, which raises the temperature
of the EHW, leading to the melting of the LMPA at approximately 47 °C.
Upon cooling, the resolidified alloy restores the structural integrity. Under a
mechanical load of 25N and frequency of 3 Hz, the TENG exhibited a
maximum output power density of 348.5 yW/m’, demonstrating its cap-
ability to maintain stable energy generation even under higher external loads
compared to conventional triboelectric devices (Table 7). In addition, the
device demonstrated broad applicability through two applications. First, it
was integrated with cotton yarn and woven into a wearable, finger-mounted
format, validating its potential as a touch-interfaced wearable electronic
device (Fig. 10d). Second, the TENG was applied to a gear within a rotary
mechanical system, where it exhibited stable operation under high-load
conditions, suggesting its potential for energy harvesting applications in
industrial infrastructures (Fig. 10e).

Parallel to triboelectric-based energy harvesting strategies, piezoelectric
devices have also been actively explored for mechanical-to-electrical energy
conversion. Since the electrical output of piezoelectric systems depends on
the extent of mechanical deformation, developing materials with both high
flexibility and mechanical integrity is essential for optimizing performance.
To address this challenge, Wu et al. developed a fiber-shaped piezoelectric
nanogenerators (PENGs) with a core-shell architecture, using a combina-
tion of perovskite precursor and a PVDF-polyethylene oxide (PEO)
composite”. Among the three components, the perovskite and PVDF
enhance piezoelectric performance, while PEO contributes to mechanical
flexibility. Perovskite crystals that enhance piezoelectric performance are
formed inside the matrix through in situ crystallization. In the subsequent
thermal treatment step, B-phase formation in PVDF further improves the
piezoelectric properties. Meanwhile, PEO contributes to mechanical dur-
ability through its intrinsic material flexibility, allowing the fiber to maintain
stable electrical output under structural deformation conditions such as
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Fig. 10 | Magnetoelectric, triboelectric, and piezoelectric fiber generators.

a Schematic of triboelectric nanogenerator (TENG) woven with single-electrode
triboelectric yarns (SETY). b Differentiated signal outputs based on the number of
touching fingertips and their contact areas. (I, Short circuit current). a, b Reprinted
with permission”*’. Copyright 2020, American Chemical Society. ¢ Schematic
illustrations showing the structure of the fiber TENG, which is composed of a soft
tube, low-melting-point-alloy (LMPA), Ecoflex rubber, conductive wire, and elec-
trically heated wire (EHW) with an insulating layer. d TENG on a finger. e Schematic
and working principle of the TENG for lead screw crack detection. c—e Reprinted

-y
<

250

with permission™". Copyright 2022, American Chemical Society. f a twisted piezo-
electric nanogenerator (PENG) yarn in response to finger touching. g braided PENG
yarns in response to hand pressing. h 1 knotted PENG yarn and stainless steel yarn in
response to hand pressing. f-h Reprinted with permission®”. Copyright 2023,
American Chemical Society. i Schematic design of the textile magnetoelastic gen-
erator (MEG). j schematic of the working mechanism of the textile MEG.

k Schematic of the textile MEG mixed with wool fibers driving a wearable electronic.
i~k Reprinted with permission®*. Copyright 2021, Springer Nature.

twisting, knotting, and braiding (Fig. 10f-h). Under a vertical pressure of
approximately 3.1 kPa, the device achieved a maximum power density of
281 pW/cm’ and an average power density of 10.6 pW/cm’. These results
indicate both high output performance and operational stability,

demonstrating the device’s potential as a fiber-based piezoelectric energy
harvester for practical applications.

A porous and flexible magnetic fiber was introduced by Zhao et al.
through extrusion of a silicone matrix containing uniformly distributed
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Table 7 | Comparison of various parameters for fiber-based energy generators

No. Energy conversion mechanism Power density Output voltage Durability (cycles) Flexibility

129 Triboelectric 336.2 pW/m 40.8V - 0-40% (Strain)

9220 Triboelectric 348.5 pW/m ~50V 28,800 -

3% Piezoelectric 281.0 pW/cm® ~7.4V 19,200 0-2 /cm (curvature)

426 Magnetoelastic 6.67 W/m? ~2.3V 20,000 0-180% (Strain)

5768 Thermoelectric 70 mW/m? ~3V - 0-91° (Bending)

6% Thermoelectric 40 mW/cm? ~5V - 434% (Strain)

77" Photovoltaic 7.63 mW/cm? ~4.4V 1000 o ~ 1.6 mm (Bending radius)

NdFeB nanoparticles (Fig. 10i, j)***. The magnetic fiber was woven with Ag-
coated nylon fibers into a wearable format, enabling electricity generation
from variations in the magnetic field induced by the user’s movements. To
demonstrate its functional reliability in humid environments, the device
stably detected arterial pulse waveforms even in the presence of sweat or
water between the skin and the fiber surface. The mechanical deformation
induced by the pulse generated magnetic field variations, which were suc-
cessfully converted into electrical signals, thereby enabling self-powered
cardiovascular sensing. Moreover, the device exhibited excellent moisture
resistance, maintaining its output performance even after 168 h of con-
tinuous water immersion. In addition, the device exhibited a short-circuit
current density of 0.63 mA/cm” and maintained stable voltage output even
when worn in water during swimming. The textile magnetoelastic generator
(MEG), woven into a wristband format, demonstrated its applicability in
powering electronic devices by successfully driving a wearable electronic
device under such humid and dynamic conditions (Fig. 10k).

In actual human motion, human body movements are not limited to
single motions but rather appear as complex combinations of multiple
dynamic actions’”. However, most current energy harvesting devices are
designed based on principles optimized for specific types of motion and are
therefore tailored to achieve high efficiency and selectivity only under
constrained or repetitive motion conditions. Although such structures
exhibit excellent performance under specific conditions, they may lead to
energy loss in practical environments where multiple types of motion occur
simultaneously”****. Therefore, the development of energy harvesting sys-
tems capable of simultaneously collecting and converting multiple forms of
mechanical stimuli is essential. Such parallel-operating platforms enable
stable energy harvesting even under complex and unpredictable usage
conditions, offering the potential to evolve beyond merely powering low-
power sensors toward serving as a reliable power source for a wide range of
wearable electronic devices and autonomous smart systems.

Wearable thermoelectric generators (TEGs) require body heat as their
energy source, allowing them to be applied to any location on the human
body”****. However, since thermoelectric harvesting relies on the tem-
perature difference between the human body and the surrounding envir-
onment, its energy conversion efficiency significantly decreases when the
temperature difference between the body and the environment is small"**".
To address the low energy conversion efficiency of conventional planar
thermoelectric devices under limited temperature differentials, Sun et al.
developed a three-dimensional fiber-based architecture that enhances both
thermal collection and electrical output*®, Carbon nanotube fibers (CNTFs)
were first doped with complementary p-type and n-type materials, PED-
OT:PSS and oleamine, respectively, to establish the fundamental p-n
thermoelectric junctions required for effective Seebeck generation. These
doped fibers were subsequently assembled into a vertically aligned n-loop
configuration through an interlocking process (Fig. 11a). This spatial
arrangement effectively aligned the thermoelectric legs with the out-of-
plane thermal gradient and significantly increased the cross-sectional con-
tact area for heat transfer, thereby improving thermal flux and maximizing
the temperature differential across the thermoelectric elements (Fig. 11b).
As a result of this structural transformation, the three-dimensional TEG
demonstrated a 24-fold increase in output voltage compared to its planar

counterpart. In addition, it achieved a peak power density of 70 mW/m® and
maintained stable operation with less than 3% output degradation under
mechanical deformation, confirming both its electrical robustness and
mechanical durability in wearable applications.

In addition to weaving-based architectures, recent approaches to
enhancing thermoelectric performance have focused on structural mod-
ifications within single fibers. A stretchable and porous thermoelectric fiber
featuring a three-dimensional interconnected porous network was developed
by Li et al (Fig. 11¢)™. to improve power generation efficiency, utilizing a
conductive polymer matrix composed of Ti;C,Tx MXene and polyurethane
(PU). To maintain a stable temperature gradient and enhance power gen-
eration efficiency, a porous architecture with abundant internal air gaps was
introduced, resulting in a reduced thermal conductivity of 0.19 W/mK. This
structure was fabricated by first preparing a uniformly dispersed ink com-
posed of Ti;C,Tx MXene nanoflakes and a PU solution, followed by wet
spinning and subsequent drying. A textile thermoelectric generator com-
posed of 24 the thermoelectric fibers connected in series generated an output
voltage of approximately 3.6 mV under a typical skin temperature of ~32 °C
and air temperature of ~24 °C (Fig. 11d, e). This voltage is sufficient to enable
self-powered operation of low-power wearable electronic devices. This fiber-
level structural design not only reduces unwanted heat loss commonly
observed in densely packed thermoelectric fibers but also takes advantage of
the porous network to reduce material weight-both of which are critical for
wearable energy harvesting applications.

Energy harvesting devices utilizing the photovoltaic effect have also
drawn considerable attention for powering wearable electronics. Photo-
voltaic systems are particularly advantageous in sunlight-rich environ-
ments during the daytime, where they can provide high power output and
thus serve as an effective complementary energy source to thermoelectric
devices that rely on ambient thermal gradients. However, despite these
advantages, the application of photovoltaic technologies in fiber-based
platforms remains limited. This limitation arises primarily from the
inherently curved geometry of fiber structures, where the cylindrical
surface restricts the optimization of light-harvesting area compared to
planar
configurations’*”’. To address this limitation, Song et al. developed a
fiber-based dye-sensitized solar cell (FDSSC) with enhanced light-
harvesting efficiency by integrating a light diffusion layer and a light
conversion layer (Fig. 11f, g)”’". The two layers, designed to enhance light-
harvesting efficiency, serve two distinct yet complementary optical
functions. First, the light diffusion layer, composed of PU embedded with
Al O; microparticles, scatters incident sunlight omnidirectionally. This
scattering mechanism redistributes light uniformly across the entire
surface of the cylindrical fiber, regardless of the angle of incidence, thereby
enhancing the interaction between light and the photoanode. Second, the
light conversion layer, consisting of phosphor-dispersed PVDF-HFP,
addresses the spectral mismatch between the solar spectrum and the dye’s
absorption characteristics. Although incident sunlight spans a broad
wavelength range, from ultraviolet (UV) to near-infrared (NIR), the N719
dye used in this study exhibits peak photoresponsivity in the visible range.
To better align with this absorption window, the conversion layer incor-
porates two types of phosphors that down-convert UV photons and up-
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convert NIR photons into visible light. These converted photons are
subsequently reflected back toward the photoanode, enhancing the
effective photon absorption and thereby improving the overall photo-
voltaic performance. As a result, the proposed FDSSC exhibited a 33%
enhancement in power conversion efficiency compared to the control
device lacking the optical management layers (Fig. 11h). The dual-layer
structure broadens spectral utilization, which leads to the observed
improvement. Notably, the device achieved a short-circuit current density
Jsc of 24.43 mA/cm’, validating its superior light-harvesting capability
and overall photovoltaic performance.

Such energy harvesting systems remain inherently limited by fluc-
tuations in the surrounding environment, such as changes in absorbance of
light and temperature, making it difficult for them to serve as fully inde-
pendent power platforms. To address this limitation, hybrid approaches
that incorporate energy harvesting modalities less affected by environ-
mental variability may offer a viable solution. For instance, integrating tri-
boelectric nanogenerator (TENG) or piezoelectric nanogenerator (PENG)
could enable the construction of complementary power systems, where the
strengths of each mechanism compensate for the limitation of the others.

Energy storage devices
A wide range of research has been actively conducted to maximize the
energy conversion efficiency of fiber-based energy harvesting devices. To

improve device performance, recent efforts have focused on incorporating
advanced materials and applying microscale structural engineering tech-
niques. However, without parallel advancements in energy storage tech-
nologies, the energy generated from such devices cannot be retained or
utilized effectively. The absence of a reliable storage system limits the con-
tinuous and autonomous operation of wearable electronics, rendering even
highly efficient energy harvesters functionally inadequate at the system
level”>*”. As a result, increasing attention has been directed toward the
development of highly stable, fiber-shaped batteries that can be seamlessly
integrated with textile-based energy harvesting platforms. In particular,
various strategies have been proposed to improve the cycle life of lithium-
ion fiber batteries, which offer high energy density””**”. These include
precision packaging techniques employing ultrahigh-barrier polymeric
tubing to minimize environmental degradation”*””’, as well as interfacial
stabilization of gel electrolytes using aligned internal channel
structures”* ¥, In parallel, alternative systems are being actively investi-
gated to address the flammability concerns associated with organic
electrolytes™"**. These efforts include the development of aqueous zinc-ion
batteries and gel polymer electrolyte-based configurations, both of which
offer enhanced safety for wearable applications.

To address this challenge, Gong et al. incorporated a high-barrier
encapsulation layer into a fiber-shaped lithium-ion battery to mitigate
moisture-induced degradation and enhance long-term operational stability
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at a current density of 1 A/g. i~k Reprinted with permission*”’. Copyright 2022,

WILEY-VCH Verlag GmbH & Co. KgaA, Weinheim.

(Fig. 12a)”". While conventional fiber battery casings composed of
tetrafluoroethylene-hexafluoropropylene (FEP) and perfluoroalkoxy (PFA)
copolymers exhibit relatively high water vapor permeability, this work
utilized polytrifluorochloroethylene (PCTFE), whose barrier performance is
mainly attributed to its higher crystallinity, fewer free volume pores, and
smaller pore size. The PCTFE tubes were fabricated via melt extrusion,
enabling continuous production of moisture-resistant encapsulation layers.
Furthermore, by incorporating 2wt% of organically modified

montmorillonite (OMMT) into the PCTFE matrix, the authors extended
the water vapor diffusion path and reduced the internal free volume of the
polymer, resulting in a significantly reduced water vapor transmission rate
of approximately 0.006 mg/day-pkg. Compared to batteries encapsulated
with conventional FEP or PFA tubes, which retained 80% of their initial
capacitance after 27 days, the PCTFE/OMMT composite tubes enabled the
device to maintain over 80% of its capacitance even after 200 days of
ambient storage, and supported up to 870 charge-discharge cycles (Table 8).
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Table 8 | Comparison of functional metrics in energy storage devices

No. Storage mechanism Energy density Power density Cycle life (cycles) Charging rate/discharging rate Stability
1276 Electrochemical - - 870 0.3C/0.5C Good

2778 Electrochemical 128 Wh/kg 1.48 mW/cm? 1000 0.2C/0.1-0.5C Excellent
3% Electrochemical 53.8 mWh/cm?® 100 mW/cm? 150 - Excellent

The fiber-shaped battery employing this composite encapsulation tube
retained 85.31% of its capacity even after 10,000 repeated bending cycles,
demonstrating excellent mechanical durability (Fig. 12b). Remarkably, it
also maintained stable power output even under direct ignition exposure
(Fig. 12¢). While such an insulating layer offers a straightforward fabrication
approach for physical protection, recent efforts have also focused on
replacing flammable organic liquid electrolytes with solid or gel-state
alternatives to enhance system-level safety while preserving the high energy
density of lithium-based chemistries.

To address interfacial instability, one of the primary challenges to
ensuring the reliability and safety of fiber-shaped lithium-ion batteries, Lu
et al. introduced a dual-channel electrode structure composed of internal
network channels and inter-fiber alignment channels”®. This architecture
was designed to mitigate performance degradation commonly observed in
gel electrolyte systems. The aligned channel network enables rapid infil-
tration of low-viscosity monomer solutions into the electrode matrix, and
subsequent in situ polymerization forms a polymer gel electrolyte with
significantly improved electrode—electrolyte interfacial adhesion and uni-
form gel distribution (Fig. 12d). The developed fiber lithium-ion battery
(FLB) demonstrated an energy density of approximately 128 Wh/kg and a
specific capacity near 170 mAh/g, along with excellent flexibility. Even after
100,000 cycles of repeated mechanical deformations, including bending,
twisting, and stretching, the resistance variation remained below 10%,
confirming high mechanical durability. Moreover, the FLB retained 87.7%
of its capacity and achieved 99.6% Coulombic efficiency after 1000 charge-
discharge cycles, validating its long-term electrochemical stability under
operational stress. The fiber-shaped battery exhibited exceptional envir-
onmental and mechanical durability, maintaining stable operation even
under boiling water splash conditions, repeated knife scratching, and
hammer impact (Fig. 12¢). To demonstrate the practical utility of the FLB in
harsh environments, the device was integrated into a multifunctional fire-
fighting suit equipped with various electronic modules. While the textile
battery using liquid electrolyte caught fire during ignition testing, the FLB
with the gel electrolyte exhibited no ignition, even under direct flame
exposure (Fig. 12f, g). Furthermore, the FLB successfully powered a heating
suit, elevating its temperature to ~80 °C (Fig. 12h). These results validate the
FLB’s capability to safely operate under extreme thermal and mechanical
stresses, offering great potential for powering high-output wearable elec-
tronics such as smart garments, fire-protective clothing, space suits, and
bionic systems.

Zinc-based aqueous batteries have recently gained significant attention
as a more stable alternative to lithium-based systems, particularly for
wearable and fiber-shaped electronics where mechanical stability and
environmental tolerance are critical. Zhou et al. developed a fiber-shaped
Zn-ion battery system that maintains the intrinsic safety of aqueous elec-
trolytes while substantially improving energy density, mechanical flexibility,
and integration capability’”. By combining high-capacity vanadium pent-
oxide (V,05) nanowires with mechanically and electrically robust reduced
graphene oxide (rGO), the team fabricated highly aligned hybrid fibers via
rheologically engineered wet-spinning. These hybrid fibers were used as
cathodes, paired with a zinc wire anode, and the full battery was assembled
using a polyacrylamide (PAM)-based ZnSOy gel electrolyte (Fig. 12i). To
ensure environmental robustness and mechanical resilience, the entire
device was encapsulated in a soft, biocompatible Ecoflex matrix. The
resulting fiber battery achieved a high volumetric energy density of
492.17 mAh/cm® and an electrical conductivity of 448 S/cm, while main-
taining 88.37% of its capacity after 1500 charge-discharge cycles. To

demonstrate its practical viability, the battery was integrated with a GaAs-
based solar cell and used to form a closed-loop charging system. Under
180 min of light exposure, the system successfully stored 5.28 mAh of
charge, corresponding to a solar-to-storage energy conversion efficiency of
9.80%, thus validating its applicability for self-powered wearable electronics
(Fig. 12, k).

To enable the practical implementation of fiber-based energy systems,
high-performance energy harvesting technologies have been advanced in
parallel with the development of fiber-based batteries designed to provide
robust energy storage stability and long-term reliability across a range of
environmental conditions. Recent studies have significantly advanced the
stability and performance of fiber-based batteries through innovations in
electrolyte packaging, the development of novel electrolyte materials, and
the engineering of cathode, anode, and separator components. Advance-
ments in battery technology are paving the way for energy-autonomous
fiber-based smart systems, enabling their deployment as versatile power
platforms in applications.

FEDs with active functionalities

FEDs with active functionalities are increasingly utilized across diverse
fields, offering both sensing functionality and the ability to provide signal
outputs and control physical motion. Electroluminescent fiber technologies
offer new opportunities in wearable displays and electronic garments, and
show potential in industrial signaling, visualization of robotic interfaces,
safety alert systems, and creative fields such as art and performance”***. In
addition, fiber-based actuators, utilizing materials such as shape memory
alloys (SMAs), shape memory polymers (SMPs), and stimuli-responsive
polymers (e.g., thermo-, photo-, pH-, and magneto-), are attracting atten-
tion as promising alternative components in wearable robotic systems and
rescue robots. In particular, fiber-type soft actuators with high flexibility and
low weight are considered emerging candidates for applications such as
prosthetics and artificial muscles™**¥’. Furthermore, fiber-based electrical
stimulation technologies are being explored for rehabilitation and chronic
disease management and have also been applied to the development of soft
neural prosthetic systems. These devices can provide localized, controllable,
and consistent stimulation to neural and muscular tissues, contributing to
improved therapeutic outcomes and patient quality of life. They are also
expected to play a role in the advancement of robot-assisted medical
technologies™ . However, FEDs with active functionalities still face
challenges related to reliability, long-term durability, and output accuracy.
In response to these challenges, extensive efforts are being made to develop
new materials, optimize device structures, and improve control systems. In
the future, these devices are expected to evolve into smart systems that
enable closer interaction between humans and machines.

Fiber-based display systems

Light-emitting fibers for display are advanced optoelectronic compo-
nents developed to extend conventional planar display technologies
into flexible and stretchable fiber platforms. These light-emitting fibers
have been developed by applying electroluminescent materials,
organic light-emitting diodes (OLEDs)”'™™*, or electrochromic
materials”* ™, enabling the provision of visual information while
preserving the inherent lightness and flexibility of textiles. Unlike
conventional LED or OLED panels that are built on rigid substrates and
are prone to mechanical failure or deformation under motion, fiber-
type light-emitting devices are fabricated by coating emissive materials
onto the fiber surface or embedding them inside the fiber structure,
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various input signals and providing real-time visual feedback. (F-RF: Fiber-radio
frequency antenna; F-Biosensor: Fiber-biosensor) d-f Reprinted with permission™”’.
Copyright 2021, Springer Nature. g Optical and fluorescent photographs of the
prepared RGB fibers. h Real-time displaying of two dynamic target objects of a
person and bike to smart textile. (OCH: Optical channel) g, h Reprinted with
permission’”. Copyright 2025, WILEY-VCH Verlag GmbH & Co. KgaA,
Weinheim.

allowing stable light emission under bending and stretching condi-
tions. These technologies have demonstrated potential in applications
such as smart garments, wearable displays, activity and health data
visualization in sportswear, safety indication for industrial workers,
and interactive or performance costumes that provide real-time visual
interfaces.

Recent studies have further advanced the functionality of such fiber
displays. Yang et al. proposed a wireless visual sensing electronic (WISE)
fiber that can operate without external circuits or power sources, suggesting
new possibilities for wireless fiber-based display systems (Fig. 13a)**. This
system utilizes ambient electromagnetic energy coupled via the dielectric

properties of human body to activate the internal electroluminescent layer of
the fiber. The core emission mechanism is based on ZnS:Cu** electro-
luminescence, where electrons trapped in defect states are excited to the
conduction band under an electric field and subsequently return to the
ground state, emitting light in the 400-550 nm visible range (Table 9).
Moreover, the WISE fiber adopts a single-electrode configuration, offering a
simpler structure compared to conventional dual-electrode -electro-
luminescent fibers, and enables a sensitive response to changes in surface
impedance caused by moisture, touch, or polar liquids (Fig. 13b, c). The fiber
is fabricated through a layer-by-layer dip-coating process to form the core
electrode, dielectric layer, and emission layer, resulting in a monofilament
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Table 9 | Performance comparison table of fiber-based display systems

No. Operating mechanism Luminance Driving voltage Display resolution Flexibility Lifetime

12% Electroluminescent 250 cd/m? - - 0-360° (Twisting) 5000 @touch

229 Electromagnetic 1000 + 10 cd/m? 3V 5mm @120 x 65 pixels o ~ 10 mm (Bending radius) Over a year

3% Electro-thermochromic - - - - 50cycles @Switching

fiber with ~350 um diameter and ~75um emission layer thickness. In
addition, its compatibility with modern rapier looms also supports scalable
textile integration while maintaining emission functionality. This system
eliminates the need for wired connections or external power, enabling
simplified architectures and supporting multiple sensing nodes within a
single fiber. The main advantage of this technology is that it eliminates the
need for a power supply or external circuits, minimizing the complexity of
the device system. It also enables multi-node visual sensing within a single
fiber, allowing real-time interfaces without complex electronics. Further-
more, its structural flexibility makes it suitable for wearable or on-skin
interfaces, providing intuitive visual feedback. However, challenges remain,
including stability under fluctuating electromagnetic environments, sensi-
tivity variations due to surface contamination or humidity, and reduced
brightness in low-coupling conditions. Future work is needed to improve
optimize electromagnetic coupling and enhance interface stability for
practical deployment.

Choi et al. demonstrated a textile-based full-color display system with
multifunctionality and large-area scalability (Fig. 13d-f)*”. This system
includes various components, including RGB LEDs, radio frequency
antennas, touch sensors, photodetectors, temperature sensors, biosensor
modules, and energy storage units, and is realized as a multifunctional
display system integrated into a fabric-based platform. One notable feature
is its Lego-like modularity, where each device can be independently
embedded, replaced, or upgraded. This design extends beyond simple dis-
play applications to support real-time signal visualization, health and
environmental monitoring, and IoT-based control. For instance, biosensor
modules can amplify and display electrocardiogram (ECG) signals, and
capacitive touch sensing enables user interaction. However, this system still
faces several technical limitations. The implementation of a full-color textile
display consumes up to 35 W of power during operation. This suggests that
low-power integration strategies and energy-efficient circuit architectures
are required for practical applications. Signal interference between devices
within the woven network is another issue. Therefore, high-energy-density
power sources, signal integration algorithms, and electromagnetic shielding
structures should be considered to address this challenge. This work is
regarded as a representative example of multimodal sensing-display inte-
gration, demonstrating feasibility for large-area smart home displays,
wearable interfaces, and next-generation e-textile platforms.

Another example of the fiber-based display system is the self-adaptive
intelligent textile display system using electro-thermochromic fluorescent
fibers. This platform combines real-time target recognition via a deep
convolutional neural network (DCNN) with corresponding visual output
using thermally triggered emissive fibers. The fibers, fabricated via coaxial
wet spinning, have a core-shell structure with a conductive core for heating
and an outer hydrogel shell incorporating thermo-responsive fluorophores.
At ambient temperature, the fluorophores remain aggregated in a non-
emissive solid state. Upon Joule heating, the core raises the local tempera-
ture, causing a phase transition to an amorphous liquid, triggering light
emission based on aggregation-induced emission. When the fiber cools,
recrystallization suppresses emission. In addition, Forster resonance energy
transfer (FRET) mechanisms enable multicolor emission by modulating the
distance between the energy donor and acceptor depending on the tem-
perature (Fig. 13g). Based on these mechanisms, light-emitting fibers exhibit
fast response (<1 s), flexible color modulation, and high mechanical flex-
ibility. In the final demonstration, the light-emitting fiber was linked with a
DCNN-based image recognition system, which detected external targets
such as a person or bicycle in front of the user, and visualized the results in

real time on the fiber-based textile display (Fig. 13h). This work represents a
step forward in interactive visual interfaces, laying the foundation for
applications such as emotion-aware clothing, Al-integrated wearable dis-
plays, and next-generation smart textiles.

As these examples show, fiber-based displays are evolving beyond
light emission to become integrated platforms incorporating sensors,
power sources, and feedback systems. Key factors for future develop-
ment include improving emission efficiency, reducing driving voltage,
and enhancing stretchability and durability under repeated mechanical
deformation. The ultimate goal is to realize fully autonomous fiber-
based display systems that operate without external power sources by
integrating fiber-based energy storage and driving circuits. These
advancements are expected to broaden the applications of fiber-based
displays in wearable electronics, smart garments, and biocompatible
interfaces.

Fiber-based actuators

Unlike conventional rigid actuators, their inherent flexibility and light-
weight nature make them promise for use in bioinspired robots, wearable
systems, and artificial muscle applications™"”. These fiber-type soft

actuators are categorized according to their driven source,
including light-""~%, magnetic-"*"", electric-"*", and thermal-driven
mechanisms’'~*". Light-responsive fiber actuators offer advantages such as

remote control and fast response, but their applicability is limited in bio-
logical tissues or opaque environments due to light penetration constraints,
and issues such as material degradation and energy inefficiency under
continuous illumination must be addressed. Magnetically driven fiber
actuators also enable contactless control and fast response as well as complex
motions. However, the need for external magnetic field generators increases
the system complexity. In contrast, electrostatic- and thermal-driven
actuators provide relatively simple system integration. This section intro-
duces various fiber-based actuators driven by different mechanisms.

In the first study, a self-recoverable coiled artificial muscle fiber was
developed using an elastic carbon nanotube (CNT) core and a thin liquid
crystal elastomer (LCE) sheath to enhance recovery performance™. The
electrothermal-driven fiber-type actuator operates through reversible
switching between nematic and isotropic phases, triggered by Joule heating
(Fig. 14a). It achieves a maximum contractile stroke of 56.9%, power density
0f 7.03 kW/kg, contraction rate of 1522%/s, and over 32,000 stable actuation
cycles, with full shape recovery even under zero shear stress (Table 10). The
LCE is synthesized via thiol-Michael addition, coated on CNT fibers,
crosslinked under UV irradiation, and twisted precisely to form a coiled
structure. This process allows continuous production of fibers over tens of
meters, making it suitable for scalable manufacturing. In addition to
actuation performance, isometric stress testing revealed a peak stress of
17.7 MPa (119.6 mN), over 50 times higher than that of human skeletal
muscle (~0.35MPa). Based on its outstanding mechanical properties,
demonstrations include multi-directional bending of endoscopic medical
robot arms and antagonistic joint motion using biceps-triceps interaction in
bionic arms (Fig. 14b). Finally, the ability of the fiber-based actuators to
maintain deformation under low power suggests strong potential for
medical and wearable robotics.

Another study introduced a proprioceptive twisted and coiled fiber
actuator (TCFA) capable of simultaneous actuation and sensing (Fig. 14c)”
°. Although the developed TCFA demonstrated a relatively modest con-
traction ratio (~36%), stress output (up to 450 kPa), and strain rate (6.6%/s),
it operated stably at a low temperature of 83°C, enabling continuous
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Fig. 14 | Fiber-based actuators. a Actuation modes and mechanisms of the coiled
artificial muscle, driven by electrothermal energy. (RM 82: 1,4-Bis-[4-(6-acryloylox-
yhexyloxy) benzoyloxy]-2 methylbenzene; EDDT: 2,2'- (ethylenedioxy) diethanethiol;
PETMP: Pentaerythritol tetrakis (3-mercaptopropionate); CNT: Carbon nanotube)
b Demonstration of the endoscope-like robot arm and biceps-triceps interaction. This
actuator exhibits a 56.9% strain at 14 V. a, b Reprinted with permission’"*. Copyright
2023, American Chemical Society. ¢ Photographic image of the artificial arm system
upon adding the payload from 0.3 to 0.4 N. Twisted and coiled polymer actuator
(TCA) is driven electrothermally and achieves 35% contraction with a low power input
of only 0.2 W/cm. Reprinted with permission’. Copyright 2024, WILEY-VCH
Verlag GmbH & Co. KgaA, Weinheim. d Actuating process of the magnet-driven fiber
actuators. Reprinted with permission™”. Copyright 2023, WILEY-VCH Verlag GmbH

acc

& Co. KgaA, Weinheim. e Snapshots showing the shape change of self-winding fiber
actuator (SWFA) from a straight structure to a helically coiled structure upon near
infrared (NIR) irradiation. The actuation mechanism is based on the contraction and
relaxation of the liquid crystal polymer induced by light. In addition, the SWFA can
operate for an extended period without noticeable fatigue, even after 24 h of con-
tinuous self-oscillation (1,270,000 cycles). Reprinted with permission’'. Copyright
2021, Springer Nature. f Time-lapse snapshots exhibited the salt accumulation during
the desalination process of the original RGO@HHEF and g double-twisted
RGO@HHF. This is attributed to the dual driving responsiveness of the fiber actuator
to water and light. (RGO@HHEF: Hollow hydrogel fiber loaded with reduced graphene
oxide). f, g Reprinted with permission’””. Copyright 2023, WILEY-VCH Verlag
GmbH & Co. KgaA, Weinheim.

operation without external cooling. The actuator is composed of a poly-
ethylene (PE) core fiber coated with an elastomeric sheath containing silver
nanoparticles (AgNPs). Therefore, electrothermal-driven method is
induced by Joule heating, while resistance changes in the fiber during
operation enable self-sensing of deformation. Specifically, when current is
applied into the sheath layer, the AgNP layer generates heat, raising the

internal temperature of the fiber. This thermal source causes radial
expansion of the twisted and coiled structure, leading to contraction of the
whole fiber actuator system. Simultaneously, nonlinear resistance changes
allow real-time tracking of deformation levels. Based on this self-sensing
capability, a robotic arm with closed-loop control was demonstrated,
achieving precise control of bending angles in response to external loads.
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Table 10 | Comparison of various parameters for fiber-based actuators

No. Driven source Mechanism Contraction range  Physical output Power density  Durability (cycles)
1% Electrothermal-driven Phase/structural transition of materials  ~56.9% 2110 J/kg (Work capacity) 7.03 kW/kg 32,000

2%°  Electrothermal-driven Phase/structural transition of materials  ~35% 650.4 J/kg (Work capacity) - 100

3% Magnet-driven Magnetic dipole alignment ~70% 2.5 mm/s (Working velocity) - -

4%¢ | ight-driven Asymmetric internal stress ~66% 62 mg (Output force) 5W/cm? 1,270,000

5%7  Water & light dual driven  Volumetric change ~83% 3.8%/s (Contraction rate) - -

Lee et al. developed fiber-based soft actuators that can be wirelessly
controlled via external magnetic fields (Fig. 14d)’”. The system features a
bimorph structure with a hollow core composed of styrene-ethylene-
butylene-styrene (SEBS) and cyclic olefin copolymer elastomer (COCe),
allowing asymmetric motion under stress. To assist this asymmetric motion,
the hollow core is filled with ferromagnetic composites responsive to
magnetic fields. Additionally, these magnet-driven fiber actuators can be
continuously fabricated using a thermal drawing process and programmed
for various motions through magnetization. Specifically, when exposed to a
uniaxial magnetic field, programmed magnetization and structural defor-
mation enable the fiber actuator to perform bending, twisting, and walking
motions. This implies the feasibility of multifunctional locomotion without
complex electronics or multiple motors, with potential applications in
in vivo biomedical drug delivery, manipulation in confined spaces, and
targeted therapy systems.

Inspired by the coiling behavior of plant tendrils, another system based
on self-winding fiber actuators (SWFAs) utilizing light-driven method was
developed to achieve self-oscillating motion under optical stimulation (Fig.
14e)*'°. This system operates without external circuits or controllers, relying
on continuous light exposure to induce non-equilibrium dynamics and
autonomous oscillation. Optical stimulation is provided by an 808 nm near-
infrared laser, with embedded graphene fillers in the polymer matrix facil-
itating efficient photothermal conversion. Moreover, the SWFA utilizes a
bimorph structure, enabling rotational, tilting, and vertical vibration modes
of oscillation. This self-sustained motion capability demonstrates potential
for various applications in autonomous systems. Further development
directions include tuning the response temperature of the polymer matrix,
improving photothermal efficiency, and implementing cooperative motion
using multiple actuator arrays.

Liu et al. demonstrated a water/light dual-responsive fiber actuator
using hollow hydrogel fibers loaded with reduced graphene oxide
(rGO@HHF)*". This actuator responds dynamically to both humidity
and light stimuli, expanding upon moisture absorption and contracting
through light-induced water evaporation. This water/light dual-driven
fiber actuator is composed of a porous hydrogel made from polyvinyl
alcohol (PVA) and poly(acrylic acid) (PAA) with a double-network
structure that offers high mechanical strength and elasticity. The hollow
structure in the core enhances water diffusion, resulting in faster
response times and larger actuation. Furthermore, the rGO component
ensures high photothermal conversion efficiency, facilitating localized
heating and moisture evaporation upon light exposure. Based on this
actuating performance, a self-desalination process, triggered by sunlight-
induced repetitive contraction-extension behavior, was implemented.
This process is characterized by its ability to continuously prevent salt
buildup on the fiber surface. Upon light exposure, water evaporates from
the fiber, causing a temporary accumulation of salt on its surface. When
the fiber re-elongates and is re-immersed in saline water, the accumu-
lated salt dissolves back into the solution. Through this mechanism, a
stable and sustained evaporation-desalination cycle can be maintained.
Comparative tests showed that untwisted rGO@HHFs accumulated salt
after evaporation, whereas double-twisted fibers did not (Fig. 14f, g). The
proposed water/light dual-responsive fiber actuator significantly
improves system reliability and reusability, making rGO@HHFs a pro-
mising platform for water-harvesting applications.

Current challenges in fiber-based actuators include achieving reliable
actuation cycles, high output and precision, and stable operation under
extreme conditions. Addressing these issues requires the development of
durable materials and advanced system architectures for precise control.
Moreover, integrating sensing and actuation functionalities within a single
fiber is essential for the development of intelligent and autonomous smart
fiber systems.

Therapeutic stimulation
Electrical stimulation is a technique that induces physiological responses
such as neural and muscle activation by delivering electrical signals to

biological tissues’**"’. It has been applied in a wide range of medical fields
320-323

including neuromodulation , muscle rehabilitation”****>¥, pain
328-33 : . 331-333 : . . 323,334,335

management’”*", cardiac pacing’””'~*, deep brain stimulation’*****, and

disease treatment™**. This technology modulates the membrane potential

of neural or muscle cells to elicit targeted responses and has proven parti-
cularly effective in promoting neural recovery and functional
restoration”***. Early devices were primarily rigid metal-based surface
electrodes attached to the skin. However, with advances in materials and
device design, electrical stimulation systems have evolved into implantable
electrodes and high-resolution microelectrode arrays. Despite these
improvements, limitations still remain such as insufficient mechanical
flexibility, reduced biocompatibility in long-term use, unstable electrode-
target interfaces, and the complex surgical procedures for implantable
applications.

To overcome these challenges, fiber-based electrodes have emerged as a
promising alternative. Their flexible and lightweight fiber structure con-
forms naturally to the curvature of skin or internal organs, offering
improved comfort, long-term stability, and minimal mechanical mismatch.
Moreover, fiber electrodes can be integrated into wearable or implantable
systems through weaving, embroidery, or suturing, facilitating versatile
biomedical applications. These features make fiber-based electrical stimu-
lation a strong candidate for next-generation personalized bioelectronic
therapies.

In response to these research trends, a flexible multimodal fiber probe
integrating both optical stimulation and neural signal recording within a
single fiber has been developed (Fig. 15a)**'. The fiber incorporates metal
electrodes for electrophysiological monitoring and a double-clad optical
waveguide for light delivery. In addition, the entire system was fabricated via
thermal drawing to enable meter-scale production. Optical stimulation is
based on optogenetic techniques, with the waveguide efficiently transmit-
ting 473 nm blue light deep into brain tissue. This light activates neurons
expressing light-sensitive proteins such as channelrhodopsin-2 (ChR2).
Upon illumination, ChR2 opens ion channels in the cell membrane,
allowing cation influx and triggering membrane depolarization, which in
turn induces neural activation. Based on this mechanism, the fiber-based
stimulator enables high-resolution and highly selective optical stimulation
of genetically targeted neurons, in contrast to conventional non-specific
electrical stimulation. The recorded neural signals exhibited a signal-to-
noise ratio (SNR) of 30 dB and stable long-term performance for over
10 weeks, indicating superior biocompatibility and signal stability compared
to traditional rigid probes (Fig. 15b).

Another study reported the development of a multifunctional fiber
integrating  optical  stimulation, microfluidic = drug  delivery,
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Fig. 15 | Therapeutic stimulation. a Photographic image of the drawn multimodal
fiber probe wrapped around a PC rod. b Confocal image of a coronal section across
the superior colliculus (SC) three weeks after viral transfection, and electro-
physiological recording period from 1 to 10 weeks post-implantation. (ChR2:
Channelrhodopsin-2; DAPI: 4,6-diamidino-2-phenylindole) a, b Reprinted with
permission’"'. Copyright 2020, WILEY-VCH Verlag GmbH & Co. KgaA, Wein-
heim. ¢ Photographic images of chemical delivery and optical delivery through the
multifunctional fiber for synaptic probing. d Schematic illustration of the implan-
tation of the multifunctional fiber for synaptic probing and real image of a mouse
implanted with a synaptic probing fiber. (VTA: Ventral tegmental area)

e Representative dopamine (DA) signals (top) and extracellular potential signals
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(bottom) under optogenetic stimulations (50 Hz, 50 pulses, 4 ms pulse width,

63.6 mW/mm’ optical power). Phasic dopamine release correlated with laser pulses
was observed. c-e Reprinted with permission’*. Copyright 2024, American Che-
mical Society. f The tissue recovery process with bioabsorbable electrical stimulation
(ES) suture and structure of the bioabsorbable electrical stimulation suture. (PLGA:
Poly(lactic-co-glycolic acid; PCL: Polycaprolactone). g Schematic illustration
showing a mouse model sutured with the bioabsorbable electrical stimulation suture.
h Optical images of wound areas after 10 days of recovery in each group. The control
group muscles appeared abnormally blood-red, indicative of severe tissue infection.
f-h Reprinted with permission®. Copyright 2024, Springer Nature.

electrophysiological recording, and neurotransmitter sensing in a single
fiber platform (Fig. 15¢)**’. Concretely, optical stimulation enables neuron
activation via a waveguide delivering light deep into the brain (Table 11).
The microfluidic channel allows localized delivery of chemical agents for
neuromodulation. Neurotransmitter sensing is achieved through fast-scan
cyclic voltammetry (FSCV), which permits real-time detection of signaling
molecules such as dopamine with high temporal resolution. This

multimodal platform expands the range of physiological interactions that
can be investigated compared to previous systems, enabling detailed analysis
at the synaptic level. On the basis of these features, the multifunctional fiber
probe successfully demonstrated in vivo frequency-dependent dopamine
release induced by optical stimulation, pharmacologically responsive
dopamine sensing, and precise recording of spontaneous neural signals (Fig.
15d, ). These results verify the strong potential of the multifunctional fiber
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Table 11 | Performance comparison of fiber-based stimulators

No. Stimulation waveform Impedance @ 1 kHz Stimulation condition

Amplitude Pulse width Frequency Duration
134 Pulse 22.71 MQ-pm? 2.2mV (Voltage) 5ms 1-20 Hz 10 min
2%z Pulse 126.9 kQ 63.6 mW/mm? (Optical power) 4ms 10-50 Hz 1s
3% Custom wave - 100 mV/mm (Electric field) - - 1h

probe for applications in neural circuit mapping, drug response monitoring,
and precise neuromodulation. Future work will focus on the development of
wireless optoelectronic interfaces for power-free operation is a critical
direction for achieving fully autonomous implantable neural platforms.

In contrast to the fiber systems described earlier, which integrate
multiple components into a single fiber, Fig. 15f illustrates a device in which
a single component simultaneously performs two distinct functions™’. This
device serves both as an electrical stimulator and a surgical suture, pro-
moting wound healing by providing physical closure of ruptured tissues
while delivering electrical signals. This dual functionality enables direct
fixation at the target site without the need for additional securing
mechanisms, simplifying implantation compared to conventional electrode
systems. Additionally, the direct suture-based fixation also enhances sti-
mulation accuracy and minimizes contact impedance between electrode
and tissue, maintaining the stimulation efficiency. The electrical stimulation
mechanism is based on a triboelectric effect generated by friction between
two biodegradable polymer interfaces. The device features a multilayer core-
shell structure composed of polycaprolactone (PCL) and poly(lactic-co-
glycolic acid) (PLGA), with a magnesium (Mg) filament embedded as a
conductive pathway. Therefore, following charge generation through fric-
tion, an electric field is induced by electrostatic induction, enabling stimu-
lation of surrounding tissues. Consequently, as this self-powered system is
driven solely by biomechanical movements such as muscle contractions, it
requires no external circuitry or power supply (Fig. 15g, h). However, since
stimulation was triggered randomly by spontaneous mouse movements,
further quantification is needed to assess the therapeutic efficacy. A key
advantage of this stimulator is its complete biodegradability, which elim-
inates concerns related to long-term foreign body presence and the need for
surgical removal. This makes it particularly suitable for short-term electrical
therapies following surgery or in cases where re-implantation is undesirable.

Recent efforts are exploring the integration of fiber-based electrical
stimulation systems with neuroprosthetic and Al-assisted feedback control.
These systems not only allow for personalized therapy but also offer high
clinical applicability by providing closed-loop control over stimulation
intensity, frequency, and timing. Future challenges include expanding
adaptability to other physiological systems such as cardiovascular and
endocrine networks, developing multimodal stimulation, ensuring long-
term biocompatibility and immune evasion, and refining fiber electrode
design for high-resolution stimulation and recording.

Conclusion and perspectives

This Review discusses recent progress and advancement directions in fiber-
based electronic devices, with a particular focus on fiber-based sensing
technologies, energy harvesting and storage, and active electronic compo-
nents. Although these components have largely evolved in parallel, their true
potential is unlocked through seamless integration into cohesive, multi-
functional systems. For example, continuous and reliable sensing capability
necessitates a stable energy supply, with the importance of high-
performance fiber-based energy storage modules. To further reduce reli-
ance on external power sources and enhance operational longevity, the
incorporation of fiber-compatible energy harvesters capable of transducing
biomechanical or environmental stimuli into electrical energy is essential.
Beyond energy management, the combination of sensing components with
output units, such as fiber-based displays, actuators, or electrical stimulators,
enables systems capable of autonomously processing and responding to
sensory input. These closed-loop systems, in which sensing, energy, and

actuation are co-embedded within the fiber platform, offer significant
promise for next-generation wearable electronics, implantable therapeutics,
smart textiles, human-machine interaction, and personalized health mon-
itoring. Despite notable progress in fiber-based electronics, several chal-
lenges remain in realizing their practical applications across diverse fields.

First, ensuring long-term mechanical durability and reliable perfor-
mance under dynamic loading conditions is challenging (Fig. 16). FEDs are
generally designed to operate under both static and dynamic conditions,
including wearable and implantable applications involving body motion
and mechanical movement in industrial and robotic systems. In these
dynamic environments, FEDs are particularly susceptible to mechanical
stimuli such as repeated bending, stretching, and twisting, which may act
simultaneously in practical scenarios. Changes in the external environment
can affect the conductivity, sensitivity, and interfacial stability of the device.
Stability against environmental factors such as humidity, temperature, and
chemical exposure is essential for the long-term practical use of FEDs. High
temperatures can alter material properties or weaken interfacial adhesion,
while high humidity or oxygen levels may induce oxidation or degradation
of conductive elements. Notably, such environmental instabilities can also
compromise biocompatibility, as the release of degraded byproducts or
reactive species may trigger skin irritation, allergic responses, or immune
reactions upon prolonged contact with biological tissues. Therefore,
ensuring both environmental and biological stability is critical for the safe
and reliable operation of FEDs. These environmental factors can degrade
the reliability not only of individual devices but also of the entire system.
Therefore, ensuring environmental stability to maintain consistent perfor-
mance under diverse operating conditions is essential. Addressing these
challenges requires the implementation of effective material and structural
strategies. For example, incorporating elastomers or nanocomposites with
high mechanical durability as matrix materials or additives can enhance the
overall robustness of the system. In addition, introducing complementary
structural layers that suppress crack propagation by bridging interfacial gaps
can further improve mechanical integrity. Moreover, the use of multi-
functional layered architectures-where each layer is specifically engineered
to withstand different environmental stressors such as humidity, tempera-
ture, or chemical exposure-offers a promising route toward achieving long-
term operational stability.

Furthermore, achieving multi-functionality of the fiber electronic
systems and wireless platform requires strategies to minimize signal inter-
ference and optimize system design (Fig. 16). To support complex func-
tionalities, multiple fiber sensors and devices are often integrated together or
densely arranged into a single textile system through conventional textile
processes such as weaving techniques. However, in such high-density
configurations, electromagnetic interference and electrical crosstalk fre-
quently occur, which can significantly degrade signal accuracy, selectivity,
and resolution. To mitigate these issues, the development and integration of
soft electromagnetic shielding layers that are mechanically compliant and
compatible with fiber-based architectures is essential. In particular, such
shielding structures should not only block external interference but also
enable selective transmission or reception of target signals, thereby
enhancing the signal-to-noise ratio and ensuring accurate sensing in com-
plex electromagnetic environments. Moreover, complementary approaches
such as frequency/time-division multiplexing and signal deconvolution
algorithms can further enhance signal integrity in multi-channel environ-
ments, enabling stable operation of high-density fiber systems. Recently,
machine learning techniques have also been actively applied to improve
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Fig. 16 | Schematic illustration of the future challenges in fiber-based electronic devices, including mechanical durability, signal interference, and system integration.

signal interpretation and noise suppression. For example, convolutional
neural networks have been used to classify force distributions and suppress
electromagnetic artifacts, while multilayer perceptrons have demonstrated
high accuracy in decoding deformation patterns and signal variations. These
circuit and software level signal reconstruction strategies play a critical role
in maintaining precise control and high resolution data interpretation, even
under signal distortion caused by environmental obstacles and biological
interfaces such as human skin and organs. By compensating for signal
attenuation, scattering, and interference, these approaches contribute sig-
nificantly to the reliable operation of next-generation fiber-based integrated
systems in real-world applications.

Finally, for fiber-based electronic systems that integrate sensors,
actuators, and energy modules, the development of robust integration
strategies is essential (Fig. 16). Even though individual fiber-based
devices demonstrate excellent functional performance, they cannot be
assembled into a stable and fully operational system without advanced
integration technologies at the system level. Recent advances, including
techniques for producing bundled fibers by twisting various functional
fibers together, thermal drawing methods for fabricating multifunctional
fibers using diverse materials, and multifunctional fiber technologies
based on core-shell structures, have shown promising progress in terms
of system integration. However, existing methods remain inadequate to
realize seamless integration into a unified, reliable, and multifunctional
architecture. Concretely, a sectorized structure via thermal drawing
approach requires the use of materials with appropriate thermal dur-
ability, which limits material selection. In addition, stress relaxation at
the interfaces between different materials must be considered. In the case
of coaxial extrusion for core-shell structures, the selected materials must
exhibit optimized viscosity to enable co-flow with other constituent
layers during the extrusion process. In multifilament structures, precise
alignment between individual filaments is critical to achieve the intended
structural or functional performance.

Furthermore, not only developing fabrication method of multi-
functional fibers, but also it should have application flexibility
depending on where the device will be applied. In short, various
combinations, among sensor, energy generator, energy storage, dis-
play, actuator, and stimulator, must be available for specific purposes.
To fully utilize this transformable characteristic and prevent perfor-
mance degradation caused by poor interconnection, it is necessary to
enhance the interfacial stability between functional components and
improve wiring technologies that ensure stable integration system. In
addition to mechanical and electrical interconnection, another
essential aspect of fully integrated fiber-based electronic systems is the
inclusion of reliable energy storage modules. A fully autonomous fiber-
based platform must be supported by a sufficient energy supply to
maintain continuous operation. However, current fiber-based energy
storage technologies still fall short of meeting this demand, primarily
due to their inherently limited volume, which constrains the overall
energy storage capacity. This leads to these systems often suffer from
intermittent functionality and unstable performance, particularly
during prolonged operation. To overcome this limitation, future
efforts should focus on the development of high energy density
materials specifically tailored for fiber geometries, as well as structural
designs that minimize energy loss and support efficient energy reten-
tion within the system.

FED:s offer a structural alternative to planar devices, with advantages in
conformability and multifunctional integration. This unique advantage has
expanded their applicability across wearable, implantable, robotic, and
industrial systems. Ultimately, to further advance the next-generation soft
systems, a strategy that minimizes system complexity and maximizes
functional density by integrating various functions into a single fiber is
required. This integration strategy will minimize overall system volume and
weight while enabling the development of fully self-powered and autono-
mous fiber electronics. It is hoped that the technical perspectives and
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application strategies outlined in this review will provide a foundation for
advancing fiber electronics toward practical deployment and intelligent
system integration.
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