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Monitoring

Zhengyang Chang'-22, Jianpeng Gao'?, Xiao Liu'?, Zijian Li', Jiabing Zhang?2, Jing Zhang', Licheng Zhang',

Tiangi Wang**, Hufei Wang'* and Ming Li'*

Abstract

In recent years, substantial advancements have been made in the field of wearable flexible sensors. These
sensors possess elasticity and conformability, coupled with enhanced data collection and processing
capabilities, which lead to increases in hardware performance and significant enhancements in software data
processing capabilities. These sensors can precisely measure a wide range of human physiological param-
eters, including heart rate, respiration, temperature, blood glucose levels, muscle activity, and ion concen-
trations in sweat. Beyond their fundamental functions, these sensors can transmit data in real time through
wireless transmission modules. Therefore, these sensors are highly valuable for sports monitoring, and have
considerable potential for personal healthcare and medical systems. This review comprehensively summa-
rizes recent advancements in material innovation, stretchable structural designs, and energy integration tech-
nology breakthroughs in wearable flexible sensors. The applications in motion monitoring are systematically
categorized by signal type into physical, chemical, and electrophysiological sensors. Finally, challenges in
wearable flexible sensors for motion monitoring are discussed, and feasible strategies are proposed to guide

future research.
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Introduction

Enhancements in athletes’ competitive per-
formance have been largely attributed to
scientifically designed training programs,
which enable the human body to adapt to
higher functional capacity levels. However,
fatigue arises when the body’s physiolog-
ical systems cannot sustain high-intensity
exercise, and progressive accumulation
of fatigue beyond tolerable limits can
adversely affect athletes’ health. Therefore,
real-time exercise monitoring has become
a critical component in the development
of scientifically based training plans,
by enhancing training effectiveness and
decreasing the risk of sports-related inju-
ries caused by excessive fatigue.

The primary devices currently used for
motion monitoring are first-generation
wearable sensors, including smart watches
and smart bracelets, which can provide
real-time sensing information about the
body and the environment. However,
these sensors have several limitations.
Their accuracy is suboptimal, and they

often require high power consumption and
provide limited measurement indicators.
Moreover, their suboptimal design, which
often results in inadequate adherence to
human skin, can cause discomfort to wear-
ers. Consequently, measurement inaccu-
racies for each biomarker can arise, thus
preventing medical use.

The current generation of wearable tech-
nological products, flexible wearable sen-
sors, include deformable substrates, energy
supply devices, and wireless modules,
and are designed to be compatible with
the skin. They exhibit exceptional perfor-
mance during severe deformations, such as
bending, stretching, or twisting, owing to
the shapeable properties of flexible mate-
rials. A thermo-sensor has been developed
that maintains functional stability below
30% deformation and detects tempera-
ture changes as small as 0.2°C [1]. These
flexible sensors have largely resolved the
limitations of previous generations, by
integrating deformability with sustainable
energy harvesting capabilities, while ena-
bling non-invasive biomarker monitoring
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across the entire body. Consequently, flexible wearable sen-
sors have been widely used in motion monitoring.

Since breakthroughs in sensitivity and biosafety advanced
the development of flexible wearable sensors [2, 3], exten-
sive research has been conducted on their applications in
motion monitoring. Notable achievements have been sum-
marized in existing reviews. However, most prior reports
have focused primarily on sensor categorization (e.g., strain/
pressure/chemical sensors) rather than human signal moni-
toring mechanisms. Notably, recent studies have engineered
advanced motion-oriented flexible sensors to enhance crit-
ical performance metrics including detection sensitivity,
long-term stability, and response time. These innovations
have been indispensable in kinematic tracking applications.
Consequently, a systematic review of remarkable advance-
ments in all flexible sensors for human motion monitoring is
needed. Herein, we review recent advances in material inno-
vation, structural design, and energy integration of flexible
wearable sensors, and discuss their applications in motion
monitoring in terms of physical, chemical, and electrophysi-
ological aspects. Finally, we briefly summarize the potential
challenges and prospects of wearable flexible sensors, to
support new methods for motion monitoring and new direc-
tions for the development of wearable flexible sensors.

Wearable flexible sensors

Wearable flexible sensors are portable devices that acquire
multimodal physiological signals, including heart rate,
mechanical motion, biochemical signatures, and bioelectri-
cal stimuli, thus enabling health monitoring and high-fidelity
data acquisition. These systems typically comprise an active
sensing layer for signal capture and transduction; a sub-
strate layer providing mechanical support and bio-interface
coupling; and energy modules sustaining device operation.
Wearable flexible sensors require stable epidermal adhe-
sion, functional reliability under dynamic motion, and real-
time wireless data transmission. Consequently, stringent
requirements are imposed on material properties across
three primary dimensions. Mechanically, the devices must
exhibit properties closely resembling those of human skin,
including elastic modulus, compressive strength, bending
degree, and stretchability. This similarity ensures that the
device moves in harmony with the skin, thereby avoiding
additional constraints caused by mismatched movements
between the device and the skin. Physically, the device
must meet criteria for both waterproofing and breathability.
Waterproofing is essential to prevent liquids from penetrat-
ing the functional layer of the device and potentially leading
to short-circuit failures. Breathability, in contrast, ensures
that sweat secreted by the skin can be effectively discharged,
thereby preventing skin allergies or other adverse reactions.
Chemically, the materials used in a device, particularly those
directly contacting the skin, must have excellent biocompat-
ibility to avoid any potential harm to the human body. Over
the past decade, breakthroughs have been achieved through
synergistic innovations in the active layer, including conduc-
tive nanomaterials (e.g., PEDOT:PSS/graphene) for signal

transduction, and the substrate layer, including biocompati-
ble polymers (e.g., PDMS/hydrogels) providing mechanical
support. The following sections systematically describe their
development pathways.

Active layer material innovation

Silicon

Although silicon is inherently non-extensible, it can be engi-
neered to exhibit extensibility through specific structural
designs, such as fold, snake, network, braided, wrinkle,
origami, fish-scale, reversible microcrack, and serpentine
configurations. Among these, the serpentine bridge-island
structure has been extensively used in flexible electronics
[4]. This configuration comprises serpentine interconnects
between rigid electronic components, thus enabling both
in-plane and out-of-plane rotation under mechanical defor-
mation while maintaining device function [5]. The fabrica-
tion of these precise serpentine patterns is typically achieved
through advanced lithographic techniques [6]. When imple-
mented on ultrathin substrates, this technology enables the
production of conformal wearable sensors with thicknesses
as small as 5 pm. These advanced manufacturing approaches
facilitate the transformation of conventional rigid materials
into flexible, wearable formats, particularly for the devel-
opment of active layers in wearable sensor applications.
Polypyrrole, which is composed of a five-membered ring, in
contrast to other conjugated polymers, has greater stability
in the oxidized state, low-cost monomers, ease of synthesis,
interesting redox properties, and processability in aqueous
and non-aqueous media.

Inorganic nanomaterials

New inorganic nanomaterials deposited on elastomers
to build network structures are currently widely used.
Nanomaterials, usually metal or carbon-based materials,
such as nanoparticles, nanowires, nanosheets, silver nano-
particles, carbon nanotubes, and graphene, have favorable
physicochemical properties and can be used as active mate-
rials to build flexible devices by standard photolithography
processes. For example, carbon nanotubes were first reported
as flexible transparent electrodes in 2004 [7] and have since
been widely used in flexible electronic devices, including
flexible energy storage devices and skin-like electronic
devices [8—13]. Several research groups [2, 14, 15] have
demonstrated that highly stretchable and transparent carbon
nanotube films, capable of withstanding tensile strengths
exceeding 100%, can be achieved through the use of spring-
like carbon nanotube configurations. Carbon nanotubes offer
excellent strength, elasticity, minimum hysteresis, repeata-
bility, and fast drying capabilities [16]. Nonetheless, because
the inherent lattice structure of these nanotubes often results
in diminished electrical conductivity, their broader applica-
tion in optoelectronic devices has been constrained. In con-
trast, metal nanowires, which exhibit superior conductivity,
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facilitate a more straightforward and cost-effective fabrica-
tion process for flexible devices. Additionally, these nano-
wires are favorable because of their high performance on
flexible substrates [17, 18].

Novel organic conductive

Novel organic conductive polymers are deposited onto
elastomers to construct networked architectures, a prev-
alent method in flexible sensing. Key polymers, including
polypyrrole (PPy), poly (3,4-ethylenedioxythiophene):pol-
ystyrene sulfonate (PEDOT:PSS), and polyaniline (PANI),
have been used as active materials, because of their intrinsic
flexibility and tunable electrochemical properties. Devices
have been fabricated through solution-processing techniques
such as inkjet printing and spin coating. Multifunctional
actuators integrated with self-powered sensing capabilities
have been developed, such as PPy @graphene-bacterial cel-
lulose (PPy @G-BC) films [19], which exhibit superior opto-
electronic performance (Seebeck coefficient: 42.8 vV K1),
hydrophilicity (water contact angle: 37.9°), and mechan-
ical strength (Young’s modulus: 5.55 GPa). Multiple stud-
ies [20, 21] have confirmed that PEDOT:PSS effectively
enhances the gelation capability and long-term mechani-
cal stability of MXene. Through directional freeze-casting
and ice-templated self-alignment, this approach achieves
enhanced sensitivity (response of 8§-50 ppm ammonia),
detection range expansion (~10 ppb to ~8000 ppm), and
improved response/recovery times (116 and 120 s) in detect-
ing multiple VOCs. These polymers’ critical advantages
include low Young’s modulus, minimal hysteresis, biocom-
patibility, and ambient-temperature processability [22].

lonic conductors

Given the inevitable damage occurring when flexible devices
are attached to biological surfaces, self-healing capabilities
are crucial to ensure sensors’ long-term stability. Among
various materials, ionic conductors based on hydrogels
containing salts are considered ideal candidates, because of
their reversible cross-linked hydrogen bonds. These hydro-
gels exhibit a modulus that can be closely matched to that of
human skin and tissues, thus enabling conformal contact [23].
Despite their soft nature, hydrogels can achieve substantial
toughness through adjustments in material composition [24].
Hydrogels formed by covalent crosslinking between poly-
mers and ionic crosslinking between Ca®* ions and carboxyl
groups have been observed to achieve ultra-high elongation
exceeding 1500% [25]. Under external stretching, the ionic
crosslinks dissociate to accommodate strain, whereas the
covalent crosslinks ensure the reversibility of the deforma-
tion. Another notable feature of hydrogel ionic conductors
is their low electrical resistance. These novel flexible elec-
trodes exhibit nearly 100% transparency across the entire
visible spectrum and can be stretched to 100-1000% [26].
Furthermore, inspired by the adhesive properties of mussels,
conductive hydrogels have been engineered to exhibit strong
adhesion to the skin as well as self-healing capabilities.

These properties make them suitable for applications such
as electromyography (EMG) electrodes for regulating cel-
lular activity and implantable electrodes for in vivo signal
recording [27].

Liquid metals

Because of their excellent electrical conductivity, flexibility,
and repairability, liquid metals have become an attractive
material in wearable flexible electronics. Whereas contacts
based on solid metals and polymers would break, liquid met-
als can act as “self-healing” conductors, thus maintaining
good electrical conductivity [28-32]. Their unique fluidic
properties endow liquid metals with additional features such
as printability and patterning capabilities. A flexible liquid
metal circuit generated through a laser inscription technique
has shown low resistance in thin layers at a strain of 100%
[33], thus laying a strong foundation for the fabrication of
flexible sensors. However, challenges remain in the devel-
opment of liquid metals, such as chemical instability [34,
35] and unstable electrical interconnections between liquid
metal and other metal interconnections [36].

Substrate layer material innovation

The physical and chemical properties of the substrate, the
primary factors governing the flexibility and extensibility of
wearable sensors, directly influence both the comfort and
long-term biocompatibility of these devices. Organic materi-
als, such as polymers, silicone, and rubber, are highly favored
substrate material choices. For example, polydimethylsilox-
ane (PDMS), a commercial elastomer with high elongation
(as much as 1000%), non-toxicity, non-flammability, hydro-
phobicity, and promising processability, has been used in the
fabrication of microfluidics, prosthetics, and wearable sen-
sors [37] Photolithography can be used to fabricate a range
of microstructures on PDMS films, and are often selected
for highly sensitive and flexible devices. Ecoflex® rubber
is a highly stretchable and skin-safe silicone characterized
by its high ductility and low modulus. This property pro-
file has led to its use in sensors requiring high flexibility
and elongation [38—41]. Polyimide (PI) film is a commonly
used substrate, because of its flexibility, creep resistance,
and tensile strength under temperatures as high as 360°C
[42]. Consequently, polyimide films can be used in standard
microfabrication processes, thus enabling enhanced variety
in wearable sensor design and implementation.

Although synthetic materials are used predominantly for
sensor substrates because of their superior performance, they
often lack biodegradability. However, the field is not limited
to synthetic options; natural materials such as cellulose paper,
silk, and cotton have also been developed and used as sensor
substrates. These textile-based materials can be integrated with
sensing components to create wearable sensing systems [43,44].
Although such systems are relatively easy to implement, they
have often been less integrated and functional than their syn-
thetic counterparts. Enhanced functionality can be achieved by
modifying fibers and textiles to improve electrical conductivity
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and sensitivity. One study has fabricated acoustic harvesters
by electrospinning the piezoelectric polymer PVDF-TrFE
onto fabric-based electrodes [45]. Two-dimensional Ti3C2Tx
MXene flakes were used to induce polarization locking of the
electrospun PVDF-TTFE for optimal electromechanical perfor-
mance of PVDF-TrFE. The mechanically robust, lightweight,
and flexible device was demonstrated to detect and harvest
energy in the sound frequency range of 50—-1000 Hz at sound
levels between 60 and 95 dB, while exhibiting a sensitivity of 37
V/Pa, a value higher than previously reported for PVDF-based
sound harvesters. A recent study [46] has demonstrated the use
of thermoplastic polyurethane and multi-walled carbon nano-
tube to fabricate a coaxial core-shell fiber. The sensor exhibited
high strength; maintained stable operation; and was prepared
under >300% strain, with gauge factors of 0.9, 39.5, and 349 in
its working ranges. This unique single-sided electrode config-
uration further endows textile-based materials with extensive
application potential in flexible wearable sensors.

Stretchable structure

The most effective method for creating highly adaptable
devices is forming thin layers of material. Euler-Bernoulli
[47] has demonstrated that the bending stiffness of a mate-
rial is proportional to the cubic thickness of the object. For
example, as reported in a Nature Nanotechnology article
[48], researchers transferred a monocrystalline silicon nano-
film with a thickness of 100-200 nm from an insulating sili-
con wafer to a thin polymer substrate. Even when a material
with a relatively high modulus of elasticity was used, the
nanofilm could be bent to a small radius of curvature without
breaking, because of a decrease in bending stiffness of sev-
eral orders of magnitude.

Beyond decreasing thickness and using high-performance
materials, innovative structural design can further improve
mechanical stability. In general, materials with high electrical
conductivity and transparency are not stretchable. However,
through a structural design with custom geometry, inher-
ently rigid materials that are also structurally stretchable can
be created. Rigid materials designed to be wavy or spring-
shaped can exhibit changes in geometry when the structure is
pulled, thus accommodating applied strain without causing
stress concentration in the material itself [5]. For example,
whereas a single sheet of paper is not stretchable, a network
of paper strips can be stretched considerably [49]. Another
notable design is the “island-bridge” configuration, in which
serpentine conductive traces interconnect high-performance
rigid components [50, 51]. These conductive pathways
not only decrease the effective stiffness to meet the tensile
demands of the overall system but also mitigate stress on the
functional components themselves.

Energy integration

Flexible wearable devices and implantable devices require
efficient energy sources to operate effectively. Traditional
energy storage systems are often bulky, rigid, and

incompatible with the dynamic movements of the human
body. To achieve true wearable autonomy, integrating flexi-
ble and stretchable power supplies into wearable systems is
essential. The development of flexible power solutions must
keep pace with advancements in flexible wearable sensors to
ensure seamless functionality.

Current research in wearable energy technologies can be
categorized into three main areas: energy storage devices
(e.g., batteries and supercapacitors), energy conversion
devices (e.g., solar cells and biofuel cells), and energy har-
vesting devices (e.g., piezoelectric, triboelectric, and thermo-
electric nanogenerators). Beyond enhancing performance,
the primary design objectives for these devices include
achieving flexibility, thinness, and malleability. Various
strategies have been used to meet these goals. For instance,
the development of novel stretchable electrodes and inno-
vative structural designs has markedly advanced the field of
flexible energy storage devices [52-56] and paved the way
to untethered wearable systems. Moreover, emerging tech-
nologies that harvest energy from biological systems provide
promising solutions for self-powered biomedical devices.
Biocompatible piezoelectric and triboelectric generators
have been demonstrated to power wearables and implants in
vivo, such as pacemakers, by capturing energy from natural
movements such as walking, arm swinging, and clapping.
These devices can also harness energy from physiological
activities, including arterial pulsation [57, 58]; breathing
[59-62]; and the rhythmic contractions and relaxations of
the heart, lungs, and diaphragm [63, 64]. Such self-powered
wearable technologies are anticipated to address the energy
consumption challenges faced by implantable and wearable
healthcare devices [55, 65-69], by offering a sustainable and
efficient power solution for continuous operation.

Multiple types of flexible wearable energy devices can be
integrated to build entire wearable systems with other elec-
tronic components. Notably, this field has rapidly evolved in
recent years, and has achieved marked progress in the stability
and safety of material interfaces, along with interconnection
reliability between functional components [70]. Researchers
have proposed and developed a fully self-powered wearable
system that enables real-time monitoring and assessment
of human multimodal health parameters, and is fully
self-powered by highly efficient flexible thermoelectric
generators [71]. The fabric strain sensor, made by printing
PEDOT:PSS on a pre-stretched nylon fiber-wrapped rub-
ber band, enabled high-fidelity and ultralow-power meas-
urements on highly dynamic knee movements. A real-time,
ultra-low-power edge computing module estimates multi-
modal health parameters, including time-varying metabolic
energy, which are wirelessly transmitted via Bluetooth. The
entire monitoring system is operated automatically and intel-
ligently; works sustainably in both static and dynamic states;
and is fully self-powered by the flexible thermoelectric gen-
erators. Despite encouraging progress in the field of flexible
wearable energy, major challenges remain. One challenge is
establishing a reliable connection between the power sup-
ply and all other components to ensure that normal function
is maintained over long time periods, even under various
mechanical deformations.
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Classification of wearable
sensors and their applications
in motion monitoring

Wearable sensors can be divided into three categories
according to signal type: physical, chemical, and electro-
physiological. Physical sensors can detect and measure
physical quantities such as temperature, pressure, displace-
ment, velocity, and acceleration, whereas chemical sensors
can identify or quantify a variety of analytes, including ions,
molecules, and proteins. Electrophysiological sensors detect
potential differences between electrodes in specific tissues,
such as the heart via electrocardiography (ECG), the brain
via electroencephalography (EEG), and muscles via electro-
myography (EMG).

Exercise fatigue is monitored by using various physiolog-
ical, chemical, and electrophysiological indicators obtained
from wearable electronic devices (Table 1). For instance,
muscle activity, such as walking [72], jogging [73], and
blinking [35], can be monitored in real time. This monitoring
offers valuable insights for clinical gait analysis, including
plantar pressure distribution, electromyography, and move-
ment frequency. It can also be used to assess muscle fatigue
and the state of exhaustion, thus potentially improving ath-
letic performance and preventing unintentional injury. Recent
advancements in flexible electronics have enabled continu-
ous, real-time monitoring of vital physiological signals such
as heart rate [74], body temperature [75], blood pressure [76],
and blood oxygen levels [77] through the skin. Additionally,
human sweat, a readily accessible biofluid, contains a wealth
of information, including pH levels and chemical composi-
tion (e.g., metal ions, minerals, glucose, lactose, lactic acid,
urea, and volatile organic compounds). This information can
be crucial for the accurate diagnosis of various health con-
ditions [78, 79]. The development of biocompatible and bio-
absorbable materials has further revolutionized the field and

Table 1 Flexible Sensors in Motion Monitoring

led to the creation of flexible, implantable electronic devices.
These devices can monitor internal body conditions such as
intracranial pressure and temperature [80], thus markedly
advancing the application of flexible sensors in motion mon-
itoring and health diagnostics.

Physical sensors

Heart rate

Heart rate, a critical physiological parameter, serves as an
indicator of cardiac function in oxygenated blood circulation
and carbon dioxide elimination through pulmonary ventila-
tion. This vital sign is quantified by measuring the frequency
of cardiac cycles. Its waveform characteristics exhibit signif-
icant variations across age groups, physiological conditions,
and psychological states [81]. The effects of anatomical loca-
tion on pulse waveform morphology (Figure 1A) have been
systematically investigated [82] with a method that converts
piezoelectric signals into blood pressure and heart rate sig-
nals (Figure 1B). The experimental results (Figure 1C-G)
revealed distinct waveform patterns corresponding to differ-
ent arterial locations. Furthermore, in exercise physiology
monitoring applications, these pressure sensors have demon-
strated exceptional capability in tracking exercise-induced
cardiovascular responses, including heart rate elevation and
waveform alterations. This technological advancement has
substantial potential for preventing cardiovascular incidents
during physical activities through real-time physiological
monitoring.

Breathing

Respiration is the primary mechanism for oxygen delivery in
the human body. During physical activity, respiratory param-
eters undergo significant changes, including variations in

Measurable cues Biomarkers Sensor materials Physiological Ref

from human skin value range

Physical Heart rate Gel-assisted Ag/AgCl; cowhide and silver 60—-100/min [116, 117]
Breath PI; silicon; fiber Bragg grating; textile triboelectric 12—20/min [118—121]
Skin temperature  PANI; Ecoflex® rubber; Pl; PDMS; PEI 31.5-35.3°C [122-124]
Pulse pressure PET; PVDF-TrFE; textile triboelectric 30—-40 mmHg [120, 125,

126]

Blood oxygen Silicon 95%—100% [127]
Plantar pressure  PMDS; LC; PI; copper-coated polyimide film 0.074 MPa [128, 129]

Chemical pH Composite silk fibroin film 4.5-7.0 [130]
Lactic acid Agarose hydrogels; cellulose; silk; chitosan; PPy 5-25 mM [128, 131]
Na* ZnO NWs; Lox electrode; ion-selective electrode 10-100 mM [128, 132]
Cl- agarose hydrogels; Ag/AgCl; PEDOT; BTB (pH) 10—-100 mM [128, 133]
K+ PAN/PVP/valinomycin-nylon sheath—core-structured yarns 1-24 mM [128, 134]

PAN/PVP

Glucose Agarose hydrogel; Cu,O; Au 0.02-0.6 mM [128, 135]

Electrophysiological ECG Natural leather; graphene electrodes ~1 mV [117]
EEG Polymer conductive foam; conductive fabric; and copper; ~1.5mV [136, 137]

Ag/AgCl

EMG Au/PDMS ~5 mV [138]

Z.Chang et al.: DOI: 10.15212/bioi-2025-0102
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breathing rate, depth, and patterns (specifically, the transition
between thoracic and abdominal breathing). Consequently,
the development of effective respiratory monitoring tech-
niques is crucial for physiological assessment. A recently
developed flexible piezoelectret sensing system can detect
breath sounds [60], while offering advantages of structural
simplicity and high sensitivity (Figure 2A, B). The system
uses mel-frequency cepstral coefficients for respiratory
sound classification. It represents short-term power spectra
of sounds by applying linear cosine transformation to the log-
arithmic power spectra on a nonlinear mel-frequency scale,
thereby distinguishing three types of respiratory sounds:
normal breathing, post-exertional panting, and snoring
(Figure 2C, D). This system enables effective monitoring of
parameters such as breathing depth, frequency, exercise vol-
ume, and intensity. During exercise, training intensity can
be assessed according to the ratio of thoracic to abdominal
breathing. As exercise intensity increases, the body shifts

from abdominal to thoracic breathing to maximize oxygen
uptake efficiency [83].

Foot and lower extremity monitoring

During human movement, the limbs experience substantial
strain variations. For instance, activities such as walking
involve knee flexion, arm swinging, and foot compression.
Detecting these movement-related signals can offer valuable
insights into daily health assessments. Moreover, gait anal-
ysis is crucial in postural correction during post-injury reha-
bilitation [84]. Strain changes can be broadly categorized
into two types according to the limb movement location: (1)
motions with small skin deformation involving subtle move-
ments of the chest, face, or neck, or (2) motions with large
skin deformation involving bending movements of fingers,
arms, or legs. The monitoring of movement processes focuses

Z.Chang et al.: DOI: 10.15212/bi0i-2025-0102
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primarily on the latter category. Given that limb bending and
walking involve substantial strain variations and high-pres-
sure impacts, developing strain and pressure sensors with
extensive measurement ranges is essential. Typically, the
integration of two-dimensional active materials with flexi-
ble substrates can provide the necessary high elasticity for
such applications. To date, strain sensors have been widely
used to monitor significant bends in elbows, wrists, fingers,
and knees [85-89]. In contrast, pressure sensors with a high
measurement range have been used to measure the forces
exerted by periodic footsteps and to detect various walking
states [90, 91]. Beyond requiring appropriate sensitivity
across a broad pressure range, high flexibility and minimal
thickness are crucial to ensure comfort during long-term
monitoring of the human foot. When a pressure sensor is
integrated into the back of an insole, it can effectively detect
and differentiate various gaits, such as sitting, standing,
walking, trotting, jogging, and running (Figure 3A).
Additionally, the speed of movement can be calculated by
multiplying the average step length by the step frequency,
thereby representing the different speeds associated with
various gaits. To gain a comprehensive understanding of
foot movement, a high-resolution sensor array is essential.
A multi-layered electronic skin that extends the pressure
sensor range up to 353 kPa has been developed [90]. The
4 x 8 pixel electronic skin array was designed to incorpo-
rate a smart insole between two layers of flexible polyeth-
ylene terephthalate (PET) (Figure 3B). Under low-pressure
conditions, the pressure distribution is displayed through an
array of different mapped colors (Figure 3C). This distribu-
tion can be used to monitor the walking process and accu-
rately detect five gait stages: initial heel contact, front foot
contact, middle stand, end stand, and prespin (Figure 3D).

Furthermore, a fully self-powered wearable system enabling
real-time monitoring and assessments of human multimodal
health parameters including knee joint movement and loco-
motion speed has been developed [71]. This sensor fully
enables self-powered monitoring of lower limb kinematics,
by using integrated energy harvesting to autonomously track
joint movements and gait parameters (Figure 3E).

Chemical sensors

Human body fluids, including sweat, contain a variety of
electrolytes, such as Na*, K*, Ca?*, and CI~, as well as small
molecules, such as lactic acid, glucose, urea, sugars, proteins,
peptides, and ammonia. These components provide critical
biological information that can be used for diagnostic purposes
[92-98]. Non-invasive continuous monitoring of body fluids,
particularly sweat, is essential for assessing physiological pro-
cesses during exercise. Recent advancements in wearable and
flexible electrochemical sensors have enabled the non-invasive
and continuous monitoring of multiple biomarkers in human
sweat, thus facilitating real-time health status analysis [99].

A notable development in this field, the wearable patch,
integrates high-performance electrochemical sensors with
a flexible printed circuit board for signal processing and
wireless transmission [100—102]. This innovative device can
simultaneously wirelessly measure sweat metabolites (such
as lactic acid and glucose), sweat electrolytes (including Na*
and K*), and skin temperature (Figure 4). These capabili-
ties enable prolonged monitoring of physiologically rele-
vant analytes during exercise. Further enhancements have
extended the monitoring range to include additional parame-
ters such as pH, Ca**, CI~, heavy metals, and other substances
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[103-106]. These advances have markedly broadened the
scope of real-time physiological monitoring and offered
deeper insights into the body’s response to physical activity.

Chemical sensors based on thin elastic microfluidic plat-
forms have become a commonly used method to collect
sweat during physical activity. These sensors contain embed-
ded monitored reservoirs that efficiently collect and store
sweat, and can detect biomarkers such as chloride ions, glu-
cose, lactic acid, and pH. This technology is a major topic in
current research on sweat collection methods. Microfluidic
systems can effectively separate old and new sweat, thereby
minimizing sweat evaporation and contamination. These

devices enable more accurate sweat sensing with higher
temporal resolution, and provide extensive data for evalu-
ating athletic performance, physical fitness, and monitoring
health and disease status. Wearable sensors can also monitor
dehydration during prolonged physical exercise in real time
(Figure SA-C) [107, 108]. In rehydration tests [97], stable
Na* levels were observed, whereas a significant increase
in Na* levels was detected when participants experienced
significant water loss during outdoor running. Identifying
elevated levels of sweat electrolytes (Na* and Cl7) enables
personalized hydration programs to be tailored to athletes to
replace excessive lost sodium and chloride ions.
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Whereas perspiration is a natural physiological response to
intense physical activity, controlled sweat induction methods
are often necessary to obtain sufficient sample volumes for
precise electrochemical biomarker analysis. Emaminejad et
al. [106] have pioneered a non-invasive sweat extraction tech-
nique using iontophoresis, which stimulates localized sweat
gland activity through controlled electrical current appli-
cation (Figure 5SD-F). This innovative approach uses mini-
mal electrical currents to facilitate transdermal ion transport,
thereby inducing targeted sweat secretion. The integration of
iontophoresis with advanced sensing elements for Na*, CI-,
and glucose detection enables real-time monitoring of sweat
composition and secretion rates, and provides critical data for
exercise fatigue assessment and physiological monitoring.

Electrophysiological sensors

Electrophysiology is a scientific discipline that investigates
the electrical properties and activities of biological cells and

tissues, primarily through the measurement of voltage fluctu-
ations and current variations [109]. Electrophysiological sen-
sors are crucial in monitoring bioelectric potential changes
in target organs during cardiovascular, neural, and muscu-
lar activities [1, 4, 6, 109]. Various diagnostic techniques,
including ECG, EEG, and EMG, are used in this field. In
conventional clinical practice, these measurements are typi-
cally obtained from at least two gel-based electrodes placed
in direct cutaneous contact to capture bioelectrical signals
from target tissues. Commercial gel electrodes are manu-
factured with either conductive electrolyte gels or hydrogel
formulations combined with skin adhesives. However, these
conventional systems are limited by the gradual dehydration
of the gel matrix, thus restricting their utility for prolonged
monitoring applications.

Wearable skin sensors offer a reliable platform for mon-
itoring electrophysiological signals [110, 111]. A challenge
with traditional sensors is designing thin, conformal, and bio-
compatible epidermal electrodes to decrease skin electrode
contact impedance. The interface between the electrode and
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the skin is critical for extracting reliable electrophysiologi-
cal signals (Figure 6). Close contact is essential to decrease
skin-electrode contact impedance. The use of an electrolyte
gel electrode (Figure 6A) can establish reliable contact with
the skin surface. However, this method has several disadvan-
tages, such as the inevitable dryness preventing long-term
use and the potential for the ions in the gel to cause skin
irritation [112]. Consequently, thin, dry electrodes have been
developed (Figure 6B) to provide a longer lifespan and elim-
inate possible allergic effects associated with electrolyte gels
[113]. Establishing fully conformal contact is challenging,
because of the roughness of the skin surface, and gaps can
increase interface impedance, thus leading to significant sig-
nal reduction and data inaccuracy. Microneedles can be used
to overcome these limitations (Figure 6C) [103]. Although
microneedles penetrate the stratum corneum, which is com-
posed of dead cells, they are painless and are considered
non-invasive. The height of the microneedles matches the
thickness of the stratum corneum, thereby enabling direct
contact with the wet epidermis and improving performance.

In recent years, the rapid development of flexible electron-
ics and nanomaterials has brought notable opportunities for
advancements in electrophysiological sensing technologies.
Among the various electrophysiological monitoring tech-
niques, myoelectric monitoring has emerged as the most prev-
alent method for motion tracking, and it plays a critical role
in the precise monitoring of muscle movement and function.

Notable advancements in this field include the work of Kim
et al. [3], who developed an innovative epidermal electronic
system that achieves simultaneous conformal contact and full
adhesion through van der Waals force interactions. This system
had comparable sensitivity to commercial systems in detecting
EMG signals across various anatomical locations, including
the legs and neck. Another major development [114] is a novel
dry electrode for wearable electrophysiological monitoring
by using silver nanowires embedded beneath a thin layer of
PDMS. When applied to the forearm for EMG detection, this
encapsulated electrode exhibited response characteristics simi-
lar to those of conventional Ag/AgCl wet electrodes.

Despite these advancements in single-function sensors, the
integration of multiple sensing capabilities remains a criti-
cal challenge in current research. A notable example is the
development of a flexible, stretchable, and biocompatible
multimodal photonic sensor that can simultaneously detect
and differentiate mechanical, thermal, and chemical stim-
uli through a single sensor architecture (Figure 7A) [115].
The integrated sensing modalities are enabled by incorpo-
rating three distinct sensing mechanisms in a stretchable
hydrogel-coated PDMS optical fiber, which shows mul-
ti-stimuli responsiveness to strain, temperature, and pH
(Figure 7B).

However, current integration technologies for multifunc-
tional sensors face several technical challenges, including
unstable electrical connections and bulky form factors.
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These limitations lead to interference between electrochem-
ical redox reactions and bioimpedance measurements, and
are the primary obstacles in current sensor development.
Consequently, the stable integration of multiple sensors into
flexible substrates while maintaining performance and relia-
bility remains a critical focus for future research in this field.

Conclusions and future
perspectives

This article reviewed recent scientific and technological pro-
gress in flexible electronic devices, specifically in materials
and various sensors, and their applications in motion moni-
toring. Flexible sensing equipment now allows for conformal
and seamless contact with the skin, as well as the integra-
tion of multi-sensors and multi-energy modes. Results can
be transmitted in real time through wireless modules. This
method surpasses traditional controlled laboratory detection

methods, by providing more convenient and accurate bio-
marker data for movement monitoring.

Despite extensive progress in flexible electronics in recent
years, and an abundance of literature demonstrating the feasi-
bility of flexible wearable sensors, a considerable gap persists
between laboratory research and commercial application.
The primary challenge that must be addressed is the stability
of highly integrated flexible sensors. The increasing demand
for multi-marker detection in flexible electronics requires
exploration of new materials, sensing technologies, and inte-
gration strategies to achieve the full potential of wearable
sensing devices. Second, conventional data processing tech-
niques exhibit substantial limitations in analyzing large-scale
sensing data, including reliance on manual intervention, cum-
bersome operational procedures, and prolonged processing
duration. The integration of machine learning algorithms can
enhance analytical efficacy by processing high-dimensional
nonlinear datasets to uncover hidden correlations, and is a
critical research direction for future investigations. Finally,
comparing the various human signals detected by wearable
devices with standard medical test results, through long-term
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measurement and observation of humans, will be critical. The
correlation between physiological signals and medical test
results can increase the reliability of information, and will be
important for both the detection of movement processes and
future personal health assessments.

In summary, wearable flexible sensors have been demon-
strated to have substantial value for sports monitoring. With
future advancements in material innovation, stretchable struc-
tural designs, and energy integration—alongside enhanced
intelligence levels and self-powering capabilities—these
sensors are expected to usher in a new era for disease pre-
vention, diagnosis, and treatment.
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