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Abstract

Muscle fatigue and injury are the core issues that restrict the improvement of athletes’
competitive performance and the maintenance of sports health for the general population.
The traditional muscle health management paradigm is limited by lagging assessment and
single indicators, failing to meet the demands of precise training and individualized
rehabilitation. With the advances in wearable sensing technology, muscle health
management has the potential to transform from the empirical modality to a new
data-driven paradigm. However, existing publications either focus on materials innovation
and structure design in sensor development, or solely highlight the overlapping
physiological mechanisms inducing muscle fatigue and injury. Thus, a comprehensive
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review presenting insights on the physiological relevance between biological signals fluctuations and muscle health
status, the detection mechanisms and functional layouts of wearable sensors to capture these signals, as well as
their real-world applications in competitive sports and public fitness is timely needed. Herein, this article
systematically reviews the physiological mechanisms of muscle fatigue, injury and repair, with a focus on elaborating
the characteristic change patterns of related bioelectrical, biochemical and biomechanical markers in the process.
Sensing mechanisms and working layouts of wearable technology are comprehensively summarized. Importantly,
corresponding applications in real-world settings associated with improving professional athletic performance and
public fitness are proposed, including load monitoring, fatigue evaluation, personalized nutrition management, as
well as artificial intelligence (Al)-enabled multimodal fusion. Based on this, future perspectives are envisioned to
better aid sports activities and engineer the development of sports science and sports medicine.

INTRODUCTION

Skeletal muscle is the core executive tissue of human motor function, and its structural integrity and
functional stability directly determine athletic performance, training adaptability and injury susceptibility" ..
Exercise-induced muscle fatigue and injury is a common problem in the fields of sports science and sports
medicine!. It not only leads to a decline in short-term motor function, but may cause long-term sequelae
such as chronic strain and fibrosis through a vicious cycle of “fatigue accumulation-repair delay-injury
recurrence”, undermining athletes’ competitive level and the health maintenance of the general population
during sports'. The traditional muscle health management model relies on macroscopic training volume
statistics, subjective fatigue assessment and static imaging detection!®”. It has limitations in lagging
assessment and single indicators, and hence can hardly reflect individual physiological response differences
and meet the modern sports science demands in “precise training, early warning and personalized
rehabilitation””. In recent years, the rapid development of wearable sensing technology, along with accurate
biomechanical analysis, artificial intelligence algorithms and microfluidic technology, have brought exciting
opportunities to revolutionize muscle health management™’.

Wearable devices based on surface electromyography (sEMG) and electrocardiography (ECG) have achieved
real-time capture of neuromuscular activities and central regulatory states"*'?.. Body-worn biomechanical
monitoring (e.g., inertial measurement unit, pressure sensing insoles, wearable elastography) can quantify
the mechanical load, vertical stiffness during running and jumping, and soft tissue elastic changes in
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exercise!”"". This helps to provide an objective basis for injury risk forecasting and healing process tracking.
The sweat-based, multi-index biochemical sensing patch has broken the barriers of traditional invasive,
intermittent blood sampling and detection, achieving non-invasive, continuous monitoring of physiological
metabolite (e.g., lactic acid, electrolytes, and urea), acute and chronic inflammation (e.g., interleukins), and
hydration status"”". Innovative fusions of these technologies have stimulated the transformation of muscle
health management from “experience-based” to “data-driven”. It benefits forming a multi-dimensional,
closed-loop technical system for competitive sports and public fitness, covering exercise intensity
monitoring, body fatigue assessment, injury risk prediction, and training recovery intervention. In spite of
the promising opportunity, the majority of existing publications focus on listing popular biomarkers and
exemplifying corresponding sensor designs and general applications from the perspective of engineering, or
solely highlight the overlapping physiological mechanisms inducing muscle fatigue and injury in a
biomedical view®?*. Insights from the intersection of biomedicine, engineering and sports science that
elaborate the physiological relevance between biological signals fluctuations and muscle health status, the
detection mechanisms and functional layouts of wearable sensors to capture these signals, as well as their
real-world applications in competitive sports and public fitness are yet to be posed.
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Figure 1. Representative biomarkers and their physiologically changing patterns in different muscle health conditions, as well as
corresponding wearable sensor configurations. RMS: Root mean square; iEMG: integrated electromyography; sEMG: surface
electromyography; CK: creatine kinase; Mb: myoglobin; IL-6: Interleukin-6; ISF: interstitial fluid; IMU: inertial measurement unit.

For this sake, the current review systematically integrates the physiological mechanisms underlying muscle
fatigue, injury and healing, with biomarkers and their changes corresponding to the development of the
process [Figure 1]. Next, wearable sensing principles and sensor layouts targeting at these bioelectrical,
biochemical and biomechanical indicators are comprehensively summarized. The following section
highlights the specific applications of wearable muscle health monitoring in real-world sports settings,
ranging from load management, fatigue evaluation and exercise and nutrition prescription. Based on the
aforementioned advances, insightful outlooks are proposed regarding technological optimization, data
integration, application expansion, and cross-disciplinary collaboration, to precisely engineer the
development of sports science and sports medicine.

PHYSIOLOGICAL BASIS AND INDICATOR DYNAMICS ACROSS MUSCLE FATIGUE, INJURY
AND RECOVERY

Physiological principles across muscle fatigue, injury and recovery

Skeletal muscle is the core tissue that maintains life activities and movement functions*. Its core roles
include driving body movements, maintaining posture stability, assisting respiratory activities, and
dissipating heat via energy metabolism'*’. It is a key support for the normal operation of human physiological
functions. Muscle fatigue is broadly defined as the functional failure to maintain the required or expected
force (or power output) that hinders the muscle performance overtime at a specific load and is accompanied
by the feeling of tiredness**!. While muscle injury refers to the structural destruction of muscle fibers,
tendons or surrounding tissues'”. Sports muscle injuries are also classified into direct injury and indirect
injury, where direct injury is caused by the direct action of external impact and is often manifested as muscle
contusion or tear, whilst indirect traumatic muscle injuries are mostly induced by excessive stress or
over-stretching of skeletal muscle tissue'®’. It is worth noting that there is a significant overlapping association
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between muscle injury and fatigue®. Although pronounced or prolonged fatigue may increase vulnerability
to mechanical injury, fatigue and injury remain biologically distinct states within a continuous spectrum of

24]

muscle health: one predominantly functional and reversible, the other structural and often persistent'

The healing process of muscle fatigue and injury follows a clear physiological mechanism: the body first
eliminates damaged tissue fragments through inflammatory responses”””, then activates muscle satellite cells
to initiate muscle fiber regeneration, and precisely regulates cell proliferation and differentiation via
cytokines”®. During this process, energy reserves must be restored and the extracellular matrix reshaped,
ultimately achieving comprehensive repair of muscle structural integrity and contraction function'.
Although within a certain range, muscles have the ability to self-repair after injury, this repair process is
regulated by multi-dimensional factors, and the precise regulation of molecular pathways is the core link that
supports these theories and affects the repair efficiency!.

Related physiological indicators
Bioelectrical indicators

During the process of muscle fatigue and injury, SEMG is one of the most relevant and sensitive bioelectric
indicators reflecting the functional state of muscles. Its time-domain and frequency-domain characteristics
showcase regular changes as the injury progresses”’. In the early stage, time-domain characteristics are
mainly reflected as a significant increase in signal amplitude. As fatigue or injury intensifies, an increased
number of motor units are recruited to maintain motor function, leading to more muscle fibers contributing
to contraction and thus an overall increase in sSEMG amplitude”'. During the process, changes in core
time-domain parameters such as integrated EMG (iIEMG) and root mean square (RMS) are particularly
significant. Both of them show a continuous increasing trend with the aggravation of fatigue or injury and
can be used to quantify the degree of muscle fatigue or injury™.

As for frequency-domain variations, under the state of muscle fatigue, the conduction of muscle fibers slows
down, resulting in a reduced propagation rate of action potentials among muscle fibers, which can be
witnessed as the frequency components of SEMG signals shift towards the low-frequency range®”. This
change can be intuitively reflected by frequency domain parameters such as median frequency (MF) and
mean power frequency (MPF). During the progression of fatigue or injury, both MF and MPF gradually
decrease™’. While once entering the muscle repair and remodeling period, the characteristic parameters of
the sEMG signal gradually return to the normal physiological state. Specifically, the total discharge and
discharge intensity of the motor unit tend to stabilize, and the time domain iIEMG and RMS) and frequency
domain (MF and MPF) features gradually recover®.

To further enhance the accuracy of muscle state detection, recent studies have focused on fusion detection of
sEMG and ECG. It has been confirmed that the fatigue recognition model constructed based on the fusion
features of SEMG-ECG can achieve an average recognition rate of 87.83%""*). Compared with sEMG-only
detection, this fusion strategy not only significantly improves the accuracy of fatigue state recognition, but
also optimizes the stability and generalization ability of the model, providing more reliable technical support
for the early warning and precise assessment of muscle fatigue or injury®>*.

Biochemical indicators

During the process of muscle fatigue, injury and subsequent healing, biochemical indicators related to energy
metabolism, injury and inflammatory response exhibit regular dynamic changes, which can be used as core
biological markers for evaluating injury degree and healing status. The following section systematically
classifies related biochemical markers into three major categories, namely energy metabolism indicators,
muscle injury markers and inflammatory regulation factors. And the changing pattern and physiological
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relevance of each indicator are clarified in detail.
(1) Energy metabolism indicators

The balance between energy consumption and synthesis is a core parameter to reflect the degree of muscle
fatigue, injury and healing. The energy metabolism indicators mainly include reserved glycogen, lactic acid
and lactate dehydrogenase, as well as urea nitrogen.

Lactic acid is a characteristic product of anaerobic glycolysis, and the lactate dehydrogenase (LDH) family is
a key enzyme system regulating the conversion of lactic acid to pyruvate. In the early stage of fatigue or
injury during high-intensity exercise, the muscle oxygen supply is relatively insufficient, activating the
anaerobic glycolytic pathway to induce excessive lactic acid production and accumulation in the blood"™.
Such an elevating level of lactic acid within a short period decreases the pH of body fluids, thereby inhibiting
muscle fiber contraction function and further impairing athletic performance*. It deserves to note that the
proportion of LDH isoenzymes undergoes various adjustments facing enhanced anaerobic metabolism,
presenting suppressed activities of LDH1 and LDH2 (biased towards aerobic metabolism), while stimulated
activities of LDH3, LDH4 and LDHS5 (biased towards anaerobic metabolism)!*!. As exercise ceases and
oxygen supply resumes in the repair and remodeling period, blood lactic acid is gradually metabolized and
cleared through pathways such as oxidative decomposition and gluconeogenesis. The proportion of LDH
isoenzymes simultaneously reverses towards aerobic metabolism, with the activities of LDH1 and LDH2
rebounding and the activities of LDH3, LDH4 and LDH5 decreasing*?. In this way, through monitoring the
lactic acid and LDH isoenzymes dynamics, the transformation of muscle metabolic patterns (anaerobic
compensation and aerobic homeostasis) can be accurately determined, and the progress of injury repair can
be indirectly evaluated. When the proportion of isoenzymes returns to normal, it indicates that the muscle
metabolic function has basically recovered*.

Blood urea nitrogen (BUN) is the final product of protein and amino acid metabolism. Its level changes
reflect the energy metabolism pattern and nitrogen balance status insider the body. The normal reference
range for BUN is 2.86-7.14 mmol/L"". In prolonged and high-intensity exercises, the body will initiate
protein (amino acid) catabolism for energy supply, while nucleotide metabolism intensifies, once the
breakdown of sugar and fat fails to meet the energy demands. The bi-phasic effect induces increased BUN
level with the extended exercise time and the higher intensity"*>*’, making it an important signal to indicate
insufficient body energy reserve or fatigue. In the repair stage, protein catabolism and BUN production
weaken, as energy supply recovers (glycogen reserves rise). At the same time, the kidney’s excretory function
is enhanced, accelerating the clearance of BUN in the blood and gradually bringing its level back to the
normal range. Therefore, the downward trend of BUN can serve as an important indicator of the restoration
of metabolic balance in the body and the relief of fatigue.

(2) Muscle injury markers

Muscle injury can disrupt the integrity of muscle cell membranes, leading to the release of specific substances
from cells into the bloodstream. At the same time, imbalance in protein metabolism can also cause changes
in characteristic indicators, mainly including creatine kinase (CK) and myoglobin (Mb)"".

CK is a key enzyme regulating energy conversion within muscle cells, and Mb is an oxygen-carrying protein
within muscle cells. Both exist in the cytoplasm of muscle cells, and their concentration changes in blood
directly reflect the integrity of the muscle cell membrane and the degree of damage*. CK concentration can
quantitatively indicate the severity of injury, where > 5,000 U/L is regarded as severe muscle injury'. A
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study analyzing serum samples from 483 male and 245 female athletes established reference intervals for CK
activity of 82-1,083 U/L for males and 47-513 U/L for females'®’. Levels exceeding these thresholds may
indicate an increased risk of overexertion or injury. Further, a CK level greater than 2,000 U/L two hours
post-exercise is widely used to diagnose pathological conditions such as myopathy (e.g., statin-induced
myositis) or rhabdomyolysis'®'.. As muscle fibers regenerate and the integrity of muscle cell membrane
structure recovers, the release of CK and Mb significantly decreases®. Meanwhile, the body metabolizes and
clears excessive CK and Mb in the blood through liver and kidney'™!. Therefore, the dynamic change of CK
and Mb levels can be effective measures to assess muscle injury severity and the repair process, offering
potential guides for modifying the training recovery plan®®.

(3) Inflammatory regulation factors

Inflammatory response is the core physiological process during muscle injury and repair, realized by
inflammatory regulation factors mainly represented by the interleukin family (IL-6, IL-1, etc.). Inflammatory
factors are signal molecules secreted by immune cells (macrophages, lymphocytes) and parenchymal cells
(muscle cells, liver cells), widely involved in tissue damage recognition, repair initiation and immune
regulation®, and closely related to the occurrence and development of muscle fatigue or injury®. Muscle
fatigue or minor injuries caused by high-intensity exercise can trigger the release of inflammatory factors
(such as IL-6 and IL-1), which recruit repair cells (such as satellite cells and macrophages)'***’ at the injury
site, clear necrotic tissue fragments, and create a microenvironment favoring muscle fiber regeneration. At
this point, a moderate increase in inflammatory factors is recognized as a positive signal for initiating the
repair process””. However, if the inflammatory response is overly activated or lasts for too long, excessive
inflammatory factors will inhibit the proliferation and differentiation of muscle satellite cells, hinder the
muscle fiber regeneration and thus delay muscle function restoration””. Therefore, inflammatory factor
monitoring (e.g., from increase to a stable state and a subsequent decrease) can provide insights into the
inflammation regulation state.

Biomechanical indicators

Muscle strength and stiffness are key biomechanical indicators characterizing the functional state of
muscles*). The former directly reflects the output capacity of the neuromuscular system, while the latter is
related to the structural integrity of the muscle-tendon units. These biomechanical cues jointly provide a core
quantitative basis for evaluating the functional status and structural attributes of the muscular system'”.

When muscles are fatigued or injured, the maximum force provided by muscle contraction will decrease!™*.
Studies have shown that after muscle injury, the decline in muscle strength is significantly positively
correlated with the severity of muscle fiber damage®, enabling muscle strength to quantitatively measure the
degree of injury*. Further from a microscopic view, fatigue or injury disrupts the mechanical interaction
between actin and myosin, resulting in muscle microstructure damage, such as muscle fiber rupture and
Z-disc distortion™. Consequently, the force transmission during muscle contraction is impeded, and the
maximum contractile force is thus decreased'®"). As the activation of muscle satellite cells in healing, muscle
fiber regeneration and extracellular matrix remodeling gradually advance by restoring the interaction
mechanism between actin and myosin and refining the muscle fiber microstructure. This induces the rising
of force generation and transmission efficiency in muscle contraction towards the pre-injury level”. Based
on this, the rate and extent of muscle strength recovery can serve as the core endpoint indexes for scaling
muscle function recovery, thus guiding the evaluation and optimization of the efficacy of the rehabilitation
plan, especially for professional athletes.



Chang et al. Soft Sci. 2026, 6, 29 Page 7 of 26

As for the dynamic variations of muscle stiffness, it drastically soars to a peak value when fatigue or injury
takes place®. This can be explained by the abnormal internal structures, where either muscle fiber damage
or inflammation-induced tissue swelling (accumulated with interstitial fluids and inflammatory mediators)
stiffens the muscle with reduced elasticity””*. After the inflammation subsides, the swelling of muscle tissue
gradually relieves by the synergy of transporting, processed and neutralizing the excessive interstitial fluid
and inflammatory mediators with body’s drainage and immune systems. In this way, the mechanical
property of muscle restores, presenting as a soft and elastic tissue/****,

Multimodal interpretation of transitions between muscle states across temporal scales

Muscle fatigue, injury and recovery represent a continuous physiological spectrum rather than strictly
separated phases”". Currently, there exist no universally accepted quantitative thresholds that allow any
indicators alone to definitively classify these processes. Instead, differentiation relies on the interpretation of
multimodal physiological patterns, temporal evolution, and the reversibility of functional changes.

Muscle fatigue is primarily characterized as a functional and reversible decline in performance capacity
without substantial structural disruption'*”. Reported indicators typically demonstrate transient alterations,
such as decreased MF and increased RMS in sSEMG, elevated metabolic load reflected by increased lactate
levels, and minor short-term changes in muscle stiffness. These signals generally return toward baseline
following adequate rest'*”. By integrating neuromuscular, metabolic, and mechanical indicators over short
time scales and assessing their rapid reversibility relative to individualized baselines, wearable systems can
infer fatigue as a transient functional deviation rather than structural impairment.

Muscle injury involves structural disruption at the myofiber or extracellular matrix level*”. In contrast to
fatigue, injury is often associated with persistent strength loss, increased muscle stiffness, prolonged
inflammation, and elevations in biochemical markers (such as CK) that indicate muscle membrane
damage'®”. Existing biomarkers may reveal indirect manifestations of injury through abnormal motor unit
recruitment patterns, sustained asymmetry in movement biomechanics, reduced contractile efficiency, and
prolonged deviations from baseline functional metrics!*”’. When multimodal signals demonstrate
cross-domain abnormalities that persist across extended time scales and fail to recover following rest, it may
suggest transition from functional fatigue to structural injury.

Muscle recovery or healing reflects a dynamic remodeling process characterized by progressive
normalization of bioelectrical, biochemical, and biomechanical parameters. Monitoring these markers during
healing may reveal gradual restoration of neuromuscular coordination, reduction of inflammatory signals,
recovery of muscle oxygen utilization efficiency, and stabilization of mechanical properties such as stiffness
and strength””. Longitudinal multimodal tracking enables quantification of recovery trajectories, where
coordinated normalization across neuromuscular, mechanical, and metabolic domains over intermediate
time scales indicates progression from injury toward functional recovery.

Therefore, rather than relying on single-parameter thresholds, current evidence supports a potentially
feasible, pattern-based interpretation framework combining bioelectrical, biochemical, mechanical, and
temporal features to infer transitions among fatigue, injury, and healing states'”" 7 [Table 1].

WEARABLE SENSORS FOR MUSCLE HEALTH MONITORING

Wearable sensors have become a promising route for realizing continuous, real-time and non-invasive
monitoring of muscle functional status in the field of sports and rehabilitation”**”! [Table 2]. To enable
meaningful interpretation of wearable-derived signals in muscle health monitoring, it is essential to



Page 8 of 26 Chang et al. Soft Sci. 2026, 6, 29

Table 1. Multimodal physiological characteristics and temporal features of muscle fatigue, injury and recovery

Muscle

health state Primary biological nature Main changing indicators Temporal scale Reversibility

MF |, RMS 1, lactic acid 1,

Functional decline (without Short-term (minutes to

Fatigue structural disruption) muscle stiffness 1, muscle hours) Rapid recovery (after rest)
strength |
Iniur Structural disruption (myofibers ~ CK 1, IL-6 1, muscle stiffness  Intermediate to long-term Limited or delayed recovery
ury and extracellular matrix) 1, muscle strength | (days to weeks) (without intervention)
Recovery Structural remodeling and Toward baseline Intermediate to long-term Progressive restoration

functional restoration (days to weeks) toward baseline

MF: Median frequency; RMS: root mean square; CK: creatine kinase; IL-6: Interleukin-6.

recognize that individual physiological markers rarely provide definitive diagnostic information in isolation.
Instead, wearable sensing technologies should be applied within a multimodal framework that integrates
neuromuscular activity, biomechanical performance, metabolic stress, and recovery trajectories over time. In
this context, wearable systems are particularly valuable for identifying functional deviations from
individualized baselines, monitoring dynamic transitions across fatigue, injury risk, and recovery phases, and
supporting longitudinal assessment in real-world athletic and daily exercise environments.

Wearable bioelectrical sensors

SEMG enables recording of the electrical activity of skeletal muscles driven under neural drive. Owing to its
non-invasive nature and wide applicability, it has emerged as a key technology for assessing exercise-related
muscle fatigue®**’). Implementation of wearable technology: Typically, fabric electrodes or array electrodes
are adopted, with skin-electrode contact optimized via conductive fibers and gels. Combined with low-noise
amplification, anti-power frequency and motion pseudo-aberration circuits, the signal front-end
conditioning is achieved. Feature extraction and pattern recognition in the time-frequency domain are
enabled through embedded or edge computing®**'. High-density sleeve arrays further break through the
limitations of complex muscle group monitoring, enabling motion recognition and continuous joint angle
estimation in areas such as the hand, demonstrating feasibility and low latency advantages in
human-computer interaction and rehabilitation scenarios”>*”.Compared to traditional single-electrode
arrangements, arrayed wearables mitigate performance fluctuations caused by electrode placement
dependence and drift**. However, sweat interference, conductive media drying, and fabric slippage during
dynamic movements still affect signal-to-noise ratio and reproducibility, necessitating resolution through
integrated structural design and domain adaptive algorithms. Currently, SEMG has been widely applied in
training and rehabilitation fields, including muscle group recruitment pattern recognition,
posture/movement phase annotation, and intent decoding interfaces coordinated with external
biomechanical quantities, providing technical support for individualized training prompts and rehabilitation
assistive device control®”.

ECG is primarily used to evaluate cardiac rhythm and conduction function* .. By analyzing the adjacent
R-R intervals, indicators of heart rate (HR) and heart rate variability (HRV) can be derived; both serve as
quantitative parameters for characterizing overall cardiopulmonary load and indirectly reflecting the impact
of exercise on the body’s overall physiological state!'*’). During exercise, ECG signals are prone to
interference from exercise artifacts, leading to reduced accuracy of the indicators"**'**). Meanwhile, overall
physiological indicators like HR and HRV cannot accurately reflect the local fatigue or repair status of
specific muscle groups. Therefore, they are more suitable for joint interpretation with local physiological
signals such as sSEMG. Through multi-dimensional data fusion of “overall + local”, the accuracy of muscle
function assessment can be improved"*.
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Table 2. Sensing technologies for muscle health monitoring
. . - e . Response Detection Limit of Technological . Current
Sensor type Target signal Detection principle Sensitivity esp . olog Main advantages e Comfort References
time range detection maturity limitations
. . Electrode
Real-time analysis;
Bioelectrical Bioelectrical signal High temporal placement
SEMG - NA NA NA NA High A sensitivity; Medium  [74]
sensors acquisition resolution; . .
; : Motion artifacts;
Non-invasiveness
Cross-talk
Energy . . ~ Real-time analysis; Low integration;
metabolism La;t|c Enzyme basgd . 644.2 1Tmin 0-30 mM TmM Medium Non-invasiveness; Lab validation High [75]
. acid electrochemical sensing nA/mM
biomarkers Ease to use only
. . Real-time analysis; Fabrication .
Colorimetry ~12.3 /decade NA 0-100 mM 1.5mM High . High [76]
Ease to use complexity
Urea Cnzyme-based 4 ~60 5 min 0-200mM  5mM Low Ease to use Labvalidation 1\ gium 771
electrochemical sensing mV/decade only
Colorimetry ~30/decade 4 min 0-30 mM 5mM Low Multiplex detection (I;i?yvahdahon Medium  [78]
Specialized
Biochemical Muscle injury ~0.001 . 0-1000 Multiplex detection; equipment
sensors biomarkers Mo Immunochromatography /(ng/mL) > min ng/mL 0.05ng/mL Low High sensitivity dependence; Lab Low [79]
validation only
Architecture
- - 4 - .
Electrochemical transduction . 0-02> 1 min 0-1>10 0.01ng/mL Low self-powered; complexity; Lab  Low [80]
V/decade ng/mL Ultra-sensitivity S
validation only
Specialized
~0.014 . 0-250 0.063 . Multiplex detection; equipment
cK Immunochromatography /(ng/mL) > min ng/mL ng/mL Medium High sensitivity dependence; Lab Low (7]
validation only
Cascade reaction
Enzyme -based dependent;
electrochemical glucose 0.0147 5 min 0-0.5U/mL 0.00147 Low Label-free; Ease to use  Indirect NA [81]
. /(U/mL) U/mL B
sensing detection; Lab
validation only
Inflammatory . Aptamer-based ~0.62 . . . Multiplex detection; Fabrication .
biomarkers IL-6 electrochemical sensor /(ng/mL) 1min 0-30ng/mL 1.3 ng/mL Medium Clinical validation complexity Medium  [82]
. Narrow range;
. ~0.006 . Label-free; Simple o
Colorimetry /(ug/mL) 5min 0-125 pg/mL 1.95 pg/mL  Low readout Ic_)i?yvalldatlon NA [83]
o Aptamer-based ~0.12 . . . Multiplex detection; Fabrication .
TGF-p electrochemical sensor /(pg/mL) Tmin 0-150 pg/mL 6.0 pg/mL  Medium Clinical validation complexity Medium  [82]
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Ultra-sensitivity;

Optical immunoassay ;r?wj)dgecade 20 min 0-108 pg/mL 100 pg/mL  Low Intracellular detection; I(')i? validation NA [82]
Real-time y
Biomechanical Bioelectrical signal ~0.0061 Low impedance; Design
Muscle strength - g ; 2s 0-20 kg 2.5kg Medium . P ! complexity; Lab High [84]
sensors acquisition mV/kg Wireless validation only
Piezoelectricity (Strain) -0.066V/% NA -30%-30%  NA Medium i';gtcaobrnii’yance’ High (L)fﬁ’y"a"dat'c’” High [85]
Tissue stiffness Micro electro mechanical ) 54 v/ /kpa 1 min 0-1600kPa  25kPa Medium Ease to use; Clinical - Design Medium  [86]
systems validation complexity
~0.125 small-lesion; Fabrication
Piezoelectricity Vl/kPa 1min 0-160 kPa 8 kPa Medium Real-time; Clinical complexit Low [87]
s validation P y
~0.085 : . Depth-sensitivity; Lab validation .
Elastography /(mkPa) 0.6 ms 0-1532 kPa 88 kPa Medium Motion-tolerance only High [88]
Fabrication
Near-infrared spectroscopy  ~0.35Hz/kPa 0.3s 0-800 kPa 20 kPa Medium High spatial resolution  complexity; Lab High [89]

validation only

Note: Technological maturity is evaluated as high (product available), medium (human validation available), and low (prototype only). Comfort is classified is evaluated as high, medium, and low based on the skin conformability
of the device (influenced by size, weight, substrate stiffness and mechanical structure design). sSEMG: Surface electromyography; Mb: myoglobin; CK: creatine kinase; IL-6: Interleukin-6; TGF-B: transforming growth factor-p; NA:
not available.

Nevertheless, SEMG and ECG signals are susceptible to electrode placement variability, cross-talk, and motion artifacts, which may affect reproducibility and
quantitative consistency across individuals and during dynamic activities. Thus, current bioelectrical wearables are better suited for relative, qualitative monitoring
rather than absolute, quantitative measurement.

Wearable biochemical sensors
The balance between energy substrate consumption and synthesis, along with the level of inflammatory response, constitutes a key dimension for assessing the extent of
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muscle fatigue, damage, and repair efficiency"*. Core biomarkers reflecting this balance encompass reserved glycogen, lactate, LDH, UN, Mb, CK and IL-6. These
biomarkers are present in blood, sweat, and interstitial fluid, with their concentration dynamics exhibiting significant cross-correlations"*'*”. Therefore, measurements
obtained from sweat or interstitial fluid can be utilized to estimate their corresponding levels in blood, thereby providing a non-invasive or minimally invasive

analytical approach for evaluating muscle metabolic status.
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For energy metabolism monitoring

The combined monitoring of lactic acid and LDH offers complementary biological clues for evaluating

»[108

muscle fatigue injury, spanning the dual dimensions of “metabolic intensity-structural damage”!*®. Together,

these biomarkers exhibit clear synergistic value in the muscle physiological function chain.

As a key metabolite in anaerobic glycolytic, lactic acid concentration directly reflects the intensity of muscle
metabolic load and is technically amenable to continuous in vivo monitoring. It stands out as one of the most
clinically translatable wearable biochemical markers to date. By integrating the lactic acid oxidase catalytic
system with an amperometric signal readout module, researchers can precisely measure lactic acid levels.
Meanwhile, the microfluidic structure embedded within wearable patches stabilizes sweat flux and mitigating
interference from sweat rate fluctuations"*?). Importantly, such patches can be integrated with
electrophysiological detection channels (e.g., ECG), and low-power wireless transmission module, enabling
synchronous multi-signal acquisition and transmission across the “metabolism-electrophysiology”" ..
Technical prototypes have demonstrated dynamic monitoring and wireless transmission of lactic acid
concentration in real scenarios, including sports training and high-intensity interval training, fully verifying
their potential in sports and rehabilitation applications"*. In contrast, LDH - a key enzyme regulating the
conversion of lactic acid to pyruvate - indirectly indicates muscle cell membranes integrity through activity
changes (e.g., enzyme release caused by injury), positioning it as a potential marker of muscle structural
damage!"". However, wearable detection of protein markers such as LDH remains hindered by technical
bottlenecks, limiting its development to the methodological exploration stage without reliable real-world
applications!'>"?),

Sweat urea and blood urea, originating from distinct body fluid chambers differ fundamentally in their
physiological information and cannot be directly equated or interchanged"”. They occupy unique niches in
muscle training and rehabilitation monitoring. As an end product of nitrogen metabolism, sweat urea
provides dynamic insights into individualized metabolic status (e.g., protein breakdown intensity) and
hydration levels during training and rehabilitation"""), making it a promising target for wearable monitoring.
Sweat urea detection relies on urease as the core biometric recognition element, converting urea
concentration into measurable signals via specific catalytic reactions, with common detection principles
including potentiometric method or amperometric method"**"*). To support long-term monitoring, devices
typically incorporate microfluidic flow-limiting structure (to stabilize the flow of sweat samples), skin
adhesives optimized for sweaty regions (to enhance sample collection efficiency), and a low-power wireless
transmission module (for real-time data feedback), ensuring continuous recording during dynamic scenarios
such as training and recovery'?’. Emphasizing “trend tracking” (e.g., urea concentration fluctuations across
exercise cycles) over precise quantification, sweat urea monitoring provides scenario-based guidance for
metabolic load adjustment and hydration optimization"*.

Conversely, blood urea detection via interstitial fluid (ISF) sampling using microneedle arrays, combined
with electrochemical or colorimetric immunoassays, shows certain potential due to the correlation between
ISF and blood urea concentrations!'”. However, this scheme still faces unresolved challenges: skin safety
concerns with microneedle puncture, device stability during prolonged wear (e.g., microneedle blockage,
signal drift), and interindividual calibration of ISF-to-blood urea concentration. These hurdles delay its
clinical-grade application in the near term"'*.

For muscle injury monitoring

Mb and CK can form an integrated indicator pair for “acute injury-progression assessment”: Mb rises within
hours after loading and peaks earlier than CK, making it suitable for identifying early intervention timing
post-exercise!> >, CK rises at 12-24 h and peaks at 24-72 h, positioning it for evaluating decision points in
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load progressive/ return-to-activity protocols''*!. At present, detection relies primarily on spot testing of
serum or ﬁngertip/ urine samples; non-invasive, continuous wearable monitoring remains immature. A more
realistic approach involves using microneedle patches to collect interstitial fluid, combined with
immunoelectrochemical or coupled enzyme activity colorimetry, as a phased retesting tool during
post-match and recovery periods. Within the continuous training-competition-recovery!'??, Mb for early
screening within hours and CK for progression assessment within 24-72 hours'*”) are recommended,
alongside joint interpretation with continuous signals like SEMG"*. Decisions on load adjustment and
return to exercise should be based on individual baselines and relative changes. Limitations such as minimal
invasiveness, time lag and individual differences require attention. Overall, this approach is best positioned
as research/quasi-implementation, serving as a structural supplement to continuous signals!**/,

For inflammatory regulation monitoring

During the entire cycle of muscle fatigue injury and repair, inflammation-related factors, such as
Interleukin-6 (IL-6), and transforming growth factor-p (TGF-B), exhibit phased dynamic changes along the
temporal axis of “injury initiation-inflammatory response-tissue remodeling”. These temporal patterns
provide critical biological insights for evaluating muscle inflammatory states and determining repair
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processes at the molecular level™*”. Among them, IL-6, a prototypical pro-inflammatory cytokine, serves as
an indicator of early post-injury inflammatory activation, while TGF-p modulates tissue remodeling during
the middle stage phase. Together, these cytokines form key molecular targets for monitoring the
inflammation-repair process. Current wearable technologies for detecting inflammatory factors utilize ISF as
the primary sample!'®?). Through electrochemical (e.g., amperometric, potentiometric) or optical (e.g.,
fluorescence quenching, colorimetric) techniques, these devices convert biomolecular binding events -
between inflammatory factors and their recognition elements - into quantifiable electrical or optical signals.
This approach enables highly selective capture of inflammatory factors such as IL-6 and TGF-B, minimizing
interference from other body fluids constituents"*”.

Wearable monitoring of inflammatory factors remains in the stage of application expansion and
experimental verification, yet to reach practical implementation. Overcoming technical bottlenecks would
enable it to complement existing metabolic dimension (e.g., sweat lactic acid) and mechanical (e.g., muscle
strength and stiffness) indicators already in preliminary use, addressing the gap in molecular-level
monitoring of muscle inflammatory states!"*!. This advancement would further strengthen the evidence
chain for comprehensive assessment of muscle fatigue, injury, and repair cycles, offering a more robust
molecular foundation for precise interventions - such as optimizing anti-inflammatory timing and refining
rehabilitation protocols.

Despite the progress achieved so far, wearable biochemical sensing still faces inherent challenges. Analyte
levels in sweat or interstitial fluid may not directly reflect blood concentrations due to compartmental
differences and temporal delays, while low biomarker abundance increases susceptibility to noise and
cross-reactivity. Signal stability can also be affected by sweat variability, biofouling, and calibration drift,
particularly during dynamic exercise. Therefore, current wearable biochemical sensors are better suited for
trend monitoring rather than definitive diagnostic use.

Wearable biomechanical sensors

For muscle strength and dynamic kinematics assessment

The direct measurement of narrow “muscle strength” - such as isokinetic and isometric contraction force -
relies on gold standards instruments including isokinetic force gauges, isometric force gauges and handgrip
force gauges”"*".. These tools offer high objectivity and repeatability while providing core metrics like peak
muscles contraction force”". For dynamic tasks involving complex movements (e.g., running, jumping and
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throwing), mechanical analysis requires integration of marker-based three-dimensional optical motion
capture systems with ground force platforms. By collecting kinematic data (e.g., joint angles and
displacements) and external force data (e.g., ground reaction forces), inverse dynamics algorithms enable
computation of net joint torques and other mechanical outputs, facilitating detailed biomechanical profiling
of dynamic movements. However, such laboratory paradigms are limited by high costs and dependence on
controlled scenarios (e.g., specialized research facilities), restricting their utility primarily to benchmarking
the accuracy of wearable-based mechanical estimation methods. In contrast, inertial measurement unit
(IMU) and smart insoles have emerged as core devices for monitoring muscle strength-related indicators in
dynamic scenes”. Their integration enables inverse estimation of three-dimensional ground reaction force
(GRF), plantar pressure center, and derived metrics such as gait event timing and vertical stiffness (K,,,)"*\.
These indicators directly inform assessments of muscle fatigue (e.g., abnormal decline in vertical stiffness
indicating lower limb muscle fatigue) and recovery trajectories (e.g., symmetrical recovery of GRF reflecting
improved muscle strength balance)"*”. Critically, these wearable systems operate independently of controlled
environments, supporting long-term continuous monitoring in naturalistic settings such as training grounds

and rehabilitation centers - thus addressing the contextual limitations of traditional laboratory techniques.

For soft tissue stiffness evaluation

Traditional laboratories employ ultrasonic shear wave elastography or strain imaging techniques. By emitting
shear waves into tissues and analyzing their propagation speeds, the equivalent modulus of the tissues is
quantified, achieving high measurement accuracy. However, this technology relies on large-scale equipment,
requires professional operation, and is restricted to static or controlled tasks - such as measuring muscle
contraction in fixed posture - failing to meet the demand for continuous recording in motion scenarios"*"..
Consequently, its adaptability across diverse settings remains limited. In recent years, wearable elastography
technology based on the mechanism of “electromechanical vibration-skin surface wave dispersion analysis”
has demonstrated significant advantages: wireless transmission, low power consumption, and
centimeter-level depth resolution. Importantly, its measurement results have been verified to align with those
of ultrasonic elastography!"**.. This innovation enables continuous tracking of muscle stiffness during
dynamic activities, including walking and resistance training. For example, it detects localized stiffness
increase post-injury and gradual stiffness decrease during recovery. Nevertheless, further optimization is still
required to enhance dynamic accuracy and long-term stability.

Overall, wearable biomechanical sensors enable practical estimation of soft tissue stiffness in real-world
settings. However, their outputs are derived from indirect modeling rather than direct force measurement,
introducing uncertainty during highly dynamic activities. Sensor misalignment, soft tissue artifacts, and
biomechanical assumptions may further affect accuracy. Therefore, current wearable systems should be
considered complementary tools rather than replacements for gold-standard laboratory instrumentation.

It deserves to note that, in practical applications, wearable sensors do not typically diagnose muscle fatigue,
injury, or healing as discrete clinical labels. Instead, they quantify deviations from individualized
physiological baselines and monitor temporal patterns that may indicate transitions between functional
states. In competitive sports, sustained reductions in neuromuscular efficiency and abnormal recovery
trajectories may serve as early warning signs of injury risk following cumulative fatigue. In public physical
exercise settings, wearable systems can detect excessive training loads by identifying persistent elevations in
muscle activation relative to output performance. During rehabilitation and healing, progressive
normalization of mechanical and neuromuscular indicators may provide objective metrics for recovery
monitoring and safe return-to-activity decision-making. Thus, wearable technologies currently function
primarily as continuous monitoring and risk assessment tools rather than standalone diagnostic instruments.
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APPLICATIONS OF WEARABLE MUSCLE HEALTH MONITORING IN REAL-WORLD SETTINGS
Exercise intensity and training load monitoring

Precise monitoring of exercise intensity and training load is a core link in optimizing training plans,
preventing sports injuries, and enhancing sports performance. It is also a research hotspot and practical
focus in the field of sports science. Traditional load monitoring mostly relies on macro indicators such as
external training volume (such as running volume, number of sets and number of repetitions), which is
difficult to accurately reflect the molecule-level physiological response of athletes and the stress state of their
muscles because of monitoring lag and insufficient data dimensionality. With the rapid development of
wearable sensing technology, biomechanical analysis and artificial intelligence algorithms, a real-time
monitoring system based on multi-dimensional physiological and mechanical signals has emerged. Such a
system can achieve refined and individualized assessment of exercise intensity and training load based on
detailed analyses on neuromuscular function, mechanical load and cardiopulmonary metabolism.

Strength monitoring through SEMG

Load monitoring can be carried out through muscle electrical signals to reflect the activation mode of muscle
groups and the degree of force application, which is the core physiological basis for evaluating exercise
intensity. SEMG and high-density EMG (HD-EMG) technologies, with their non-invasive and real-time
advantages, have become key means to capture neuromuscular activity signals. The form and function of
their equipment are constantly upgrading towards flexibility, high precision, and multi-dimensionality.

For instance, the clothing-grade sSEMG technology integrates flexible electrodes into conductive fabric
clothing (such as forearm covers, shorts, etc.), and pairs them with miniaturized signal amplification
modules and on-board computing units to synchronously collect EMG signals from multiple muscle groups.
By analyzing the signal characteristics of target muscle groups under different weight loads, and mapping the
internal muscle load to external training volume (like sets, repetitions and speed), a training intensity range
that conforms to the individual muscle strength level of athletes can be established for “total load”
assessment. It provides precise data support for the dynamic adjustment of training load to avoid long-term
overloading of local muscle groups and reduce muscle strain risk!"*.

The HD-EMG sleeve integrates up to 150 microelectrodes to achieve high-density and high-resolution EMG
collection from the forearm muscle groups. By using machine learning algorithms to extract and analyze the
features of EMG signals within a 100 ms time window, > 30 gesture movements can be accurately decoded
and continuous joint angle regression prediction can be achieved (prediction error of < 10°), providing a
powerful tool for analyzing the neuromuscular control mechanism underlying decomposed technical
movements. In events with extremely high requirements for movement accuracy such as throwing, hitting,
gymnastics, fencing, and racket sports, HD-EMG can depict the muscle fingerprints of athletes of different
levels (from novices to experts) or the same athlete in different states (from normal to injured and
rehabilitated). By comparing features such as the recruitment sequence of muscle groups and the distribution
of activation intensity, one can quantitatively evaluate technical movements accuracy and rehabilitation
training effects, and this lowers the risk of music-tendon system injuries””.

Mechanical load and run-jump vertical stiffness monitoring
Mechanical load and running and jumping vertical stiffness (resistance of the human body against vertical

deformation upon vertical loading, termed as K, ) characterize the mechanical features and elastic state of

)
vert
the lower limb muscle-tendon system during exercise. Their dynamic changes are closely related to exercise
performance, fatigue degree and injury risk. The popularization of wearable devices such as IMUs and smart

pressure insoles has enabled on-site and real-time monitoring of key mechanical parameters such as contact
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Figure 2. Real-world applications of wearable muscle health monitoring in competitive sports and public physical exercises; (A)
Monitoring of exercise intensity and training load based on ECG and lactic acid sensing. Reproduced with permissiont™°, Copyright 2016,
Springer Nature; (B) Assessment of athlete’s muscle fatigue based on sEMG and muscle strength measurement. Reproduced with
permissiont™2, Copyright 2025, John Wiley and Sons; (C) Formulation of training recovery based on lactate and urea sensing. Reproduced
with permissiont*. Copyright 2022, Springer Nature; (D) Nutrition uptake and metabolic analysis based on Al-empowered multimodal
sensing. Reproduced with permissiont™. Copyright 2021, American Chemical Society. W.E.: working electrode; R.E.: reference electrode;
C.E.: counter electrode; ECG: electrocardiography; Al: artificial intelligence; sSEMG: surface electromyography.

time, flight time, and K. The fluctuation pattern of K, is believed to correlate with muscle fatigue and the

ert® ert

functional state of the muscle-tendon system. Through long-term monitoring of K

vert

and gait parameters
within training sessions or across the entire season, the leg mechanical load plot for athletes can be
constructed to visually reflect the accumulation and recovery status of the load. It is beneficial to offer data
support for the modifying the training cycle planning. For example, when K

vert

of one leg is persistently lower
than that of the other for a long time, or shows an abnormal decrease with the increase of training volume, it
often refers to conditions such as muscle fatigue, soft tissue micro-injury or abnormal force line in that lower
extremity. In other words, it can be used as an early warning sign for overloading training and potential
injury!®”#),

Cardiopulmonary and metabolic intensity monitoring

Cardiopulmonary and metabolic intensity reflect the energy supply status and overall physiological stress
level of athletes during exercise, and they are the key basis for formulating endurance training plans and
assessing the recovery status of physical fitness. Wearable devices incorporating sweat-based biochemical
sensing and photoplethysmography (PPG) have enabled real-time monitoring of core metabolites (e.g., lactic
acid, ions) and heart rate, promoting the development of metabolic and cardiopulmonary intensity
assessment towards a non-invasive and continuous manner!'**’. For example, the
chemical-electrophysiological hybrid patch integrates lactase electrodes and ECG electrodes on a flexible
substrate, achieving stable collection of sweat lactate concentration and heart rate"*” [Figure 2A]. The patch
shows negligible cross-interference for sensing the two biomarkers, empowering simultaneous tracking of
physiological responses of the local muscle metabolism and the systemic cardiovascular system. It realizes
multi-dimensional comprehensive determination of exercise intensity by overcoming the limitations of
traditional analysis based on single indicators. Moreover, for groups such as high-level endurance athletes
and rehabilitation trainees with heart disease history who need precise intensity control, this patch ensures
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the safety of the training process via the hybrid physiological monitoring.

Athletes’ health and fatigue status assessment

The precise assessment of athletes’ health and fatigue status is a vital prerequisite for the scientific training of
sports, the pre-emptive prevention of injuries, and the optimization of competitive performance. It is also a
hot topic in the field of sports science and sports medicine. The burgeoning of wearable sensing has brought
about promising opportunities with theoretical references and technical support for the construction of a
scientific and efficient athlete health management and fatigue monitoring system.

Peripheral muscle fatigue assessment

Peripheral muscle fatigue is characterized by the decline in muscle function after exercise. The core
mechanism involves the disorder of energy metabolism in muscle fibers, the imbalance of ion homeostasis
and the reduction of neuromuscular transmission efficiency. Multi-channel sSEMG and HD-EMG
techniques, are favorable methods for quantifying peripheral muscle fatigue due to their advantageous
non-invasiveness and high spatiotemporal resolution. By comparing the EMG spectral characteristics and
spatial distribution patterns before and after training or during multiple training weeks, it is possible to
objectively determine potential signs of premature fatigue in the muscles, such as premature spectral decline
and hyperactivity of the synergic muscles. This is helpful for the setting of load progression rhythm and rest
intervals in the training plan to avoid functional decline caused by overtraining"*!. Moreover, for athletes
with a history of muscle injury, in progressive load tests, employing SEMG to monitor the
electrophysiological responses of injured muscle groups can identify the abnormal pattern of early fatigue
and compensatory activation, therefore assisting in determining the safe load threshold in case of injury.

Soft tissue stiffness and muscle injury assessment

Soft tissue stiffness changes are important biomechanical indicators for muscle injury, fatigue accumulation
and healing process. Acute muscle strain is often accompanied by an increase in local tissue stiffness, and the
abnormal elasticity of scar tissue in the later stage of injury may affect muscle function recovery and sports
performance. Traditional assessment methods employ ultrasonic shear wave elastography and magnetic
resonance imaging to accurately measure tissue stiffness. But they are limited by complex operation, high
cost, and difficulty in frequent clinical visit, and thus cannot meet the dynamic monitoring requirements in
training grounds or daily lives. The emergence of wireless mechano-acoustic wave (MAW) elastography
patches has effectively broken through this technical bottleneck with easy wearing, cost effectiveness and the
capability of long-term tracking. MAW elastography patches can continuously monitor the stiffness changes
of the injured area on the training ground or in daily life, accurately assess the healing stage, and provide an
objective basis for load adjustment in rehabilitation training. Especially during the concentrated season and
the high-incidence period of injury such as re-loading after injury, long-term monitoring of stiffness
dynamics can be conducted on easily injured muscle groups such as the posterior thigh muscles and the
triceps surae. When it is found that the muscle stiffness continuously increases, it indicates a great chance of
potential re-injury and calls for adjustment of the training plan"*! [Figure 2B].

Formulation of training recovery and nutrition strategies

The scientific formulation of training recovery and nutrition strategies plays an important role in
maintaining competitive state, easing fatigue and preventing injuries. It is also the core direction for the
transformation of the field of sports science from “empirical regulation” to “precise intervention”. Emerging
wearable sensing technology can capture key physiological signals in the recovery process of athletes in real
time and in a multimodal way, such as metabolite levels, fluid balance status, body composition changes and
tissue repair microenvironment. The systemic analysis of these markers is propelling the transformation of
sports science from empirical regulation to precise intervention.
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Hydration status of the body and electrolyte management

Sweat is an important medium for the excretion of metabolites and electrolytes during exercise. The dynamic
changes in its components (such as lactic acid, glucose, electrolytes, urea, etc.)!*", secretion rate and total
amount are associated with the metabolic load, hydration status and physiological stress level of athletes.
Wearable sweat sensing technology integrates multiple types of sensors to achieve real-time and non-invasive
monitoring of multiple biochemical indicators (like glucose, lactic acid, Na* and K*). It accurately captures
the physiological responses under different hydration states, as well as the dynamic change patterns of
Na'/K* concentrations under hydrated and non-hydrated conditions. The technology enables accurate
assessment of the dehydration risk and electrolyte loss characteristics for professional athletes, and therefore
aids the formulation of targeted fluid replacement volume, timing and electrolyte supplementation plans to
effectively reduce the risk of heat-related diseases such as muscle spasms and heat exhaustion!"*’. The
battery-free, short-range wireless communication microfluidic patch further expands the monitoring modes
via integrating electrochemical detection (lactic acid, glucose), colorimetric analysis (pH, Cl'), and volumetric
measurement (sweat rate, total sweat volume) within a single device. Long-term tests reveal an explainable
time-lag correlation between its sweat-based detection results and corresponding marker levels in blood.
Employing the patch may offer objective clues for reasonably adjusting the interval time, training intensity
and recovery interval, by recording the lactate-power curve and tracking the metabolic stress distribution
and recovery process of interval training"*>'** [Figure 2C].

Regulation of the microenvironment for tissue repair

The quality of tissue repair after local muscle-fascia injury directly affects the recovery process and re-injury
risk of athletes. Traditional repair strategies mostly focus on mechanical rehabilitation training and lack
precise regulation of the local microenvironment of the injured tissue. The development of mechanically
active therapy provides a new route for precise tissue repair: by programming the local stress/strain state to
optimize the mechanical microenvironment of the injured region, it promotes the healing of injured
tissues!"*>'**/. It is anticipated to combine such active tissue mechano-modulation with wearable stiffness
sensing to establish monitoring-intervention closed-loop injury repair strategy. Specifically, the healing
status of injured muscle or tendon can be evaluated by wearable stiffness monitoring, and this in turn, based
on biomechanical and mechanobiological pro-healing mechanisms, guides the rational design of mechanical
loading parameters to accelerate healing and avoid scar formation"*'*.

Al-enabled multimodal tracking

Unimodal fatigue monitoring technologies - particularly those based on sSEMG - have long dominated the
field. However, increasing empirical evidence suggests that reliance on a single physiological signal is
insufficient for achieving stable and reliable muscle fatigue assessment. The limitations primarily include
high sensitivity to inter-individual variability, limited capability in identifying transitional states, and
susceptibility to motion artifacts during dynamic exercise.

Combined with artificial intelligence (AI) algorithms, unimodal fatigue evaluation based on wearable sSEMG
sensing shows reasonable average recognition performance, however with substantial inter-subject
variability™!. Specifically, sSEMG coupled with support vector machine (SVM) achieves peak accuracy over
90%, yet the lowest individual accuracy is merely < 65%. Compared to unimodal sEMG with temporal
convolutional network (TCN) processing, a dual-modal TCN model integrating ECG and sEMG exhibits
significantly improved fatigue classification performance, with an overall average accuracy of 88.5% and an
inter-personal variation range of ~ 10% (> 20% for unimodal model). In another study, a multimodal
framework integrating muscle thickness, joint angle, and sSEMG is developed to reduce the false positive rate
down to 3%, thereby enhancing the functional robustness under dynamic conditions and improving
reliability in real-world training scenarios'*”. Expanding multimodal frameworks to biochemical sensing, the
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coordinated analysis of metabolism-related biochemical markers (i.e., sweat glucose and lactate) and sSEMG
also aids partial differentiation of fatigue levels"*’.. These findings highlight that the reliability of wearable
fatigue detection can be solidified by integrated evaluations of neuromuscular activation, mechanical
behavior, cardiovascular regulation, and metabolite accumulation. In this context, multimodal data fusion
combined with AT analysis extends fatigue assessment beyond state recognition toward decision support.

The increasingly reliable fatigue evaluation would also benefit quantitative training load regulation and
recovery management. Since muscle fatigue is regarded as the cumulative physiological stress responding to
external training stimuli, lower estimation error of training load can be realized with refined evaluation of
fatigue level, leading to more physiologically grounded adjustments of training intensity and volume!***],
Furthermore, AI-based analysis of multimodal data, including biomechanical (muscle stiffness and strength)
and biochemical (lactic acid, urea and IL-6) indexes, can support objective identification of post-exercise
recovery windows. It can also assist in formulating personalized nutritional strategies, such as optimizing the
timing and quantity of carbohydrate and protein intake to facilitate energy replenishment and metabolic
repair®! [Figure 2D].

It is worth emphasizing that such performance improvements rely on the capability of AT algorithms to
model the complex relationships embedded in multivariate time-series data. In current studies on wearable
multimodal sensing, commonly used algorithms include SVM, TCN, bidirectional long short-term memory
(Bi-LSTM), and decision-level fusion methods based on Dempster-Shafer (D-S) evidence theory. SVM
demonstrates strong generalization performance in small-sample classification scenarios!**'**/. TCN can
effectively capture long-term temporal dependencies through dilated convolutions and have outperformed
conventional SVM in multimodal fusion models. Bi-LSTM is well suited for handling temporal dependency
features and signal drift. Meanwhile, decision-level fusion based on D-S evidence theory further integrates
probabilistic information from multiple sources, thereby reducing the influence of inter-individual
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variability'

CONCLUSION AND OUTLOOK

This article systematically elaborates the underlying physiological mechanisms and corresponding
bioelectrical, biochemical and biomechanical indicators of muscle fatigue, injury and healing. Based on these,
the design and working principle of wearable sensors, as well as their applications in real-world settings for
competitive sports and public fitness, including load monitoring, fatigue evaluation and personalized
training and nutrition management, are comprehensively introduced.

In spite of the progress made so far, the development of wearable sports monitoring still faces many technical
bottlenecks and application challenges. Future research is anticipated to focus on the following aspects
[Figure 3]. (1) Technology optimization. Technical breakthroughs overcoming existing bottlenecks such as
the stable acquisition of bioelectrical signals (SEMG/HD-EMG) in dynamic environments"**, the long-term
monitoring of traced biomarkers (such as CK, IL-6)""", and the precise estimation of biomechanical
parameters (such as ground reaction force) based on IMU and elastography, are demanded. For instance,
muscle healing represents a longer-term physiological process that may extend from days to weeks, whereas
many current wearable systems are predominantly applied in acute or session-based monitoring scenarios.
Continuous or longitudinal tracking of recovery trajectories presents additional challenges, including
long-term signal stability, sensor adhesion and biocompatibility, power management, data consistency, and
individualized baseline recalibration. Future development of energy-efficient flexible electronics, cloud-based
analytics, and personalized modeling strategies will be essential for enabling reliable long-term wearable
monitoring of muscle healing. (2) Data fusion. So far, no universally accepted thresholds currently exist that
allow wearable signals alone to distinguish muscle fatigue, injury and recovery with diagnostic certainty.
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Figure 3. Summary and future perspectives of wearable sports health sensing. sSEMG: Surface electromyography; Mb: myoglobin; CK:
creatine kinase; IT: information technology; IMU: inertial measurement unit; ISF: interstitial fluid.

Moreover, physiological responses exhibit substantial inter-individual variability, necessitating personalized
baseline tracking with fusion of multi-modal signals for refined quantification of muscle function”. On this
basis, individual characteristics can be incorporated to dynamically and precisely quantify the fatigue, injury
and healing status!"**). (3) Closed-loop management. A closed-loop system integrating monitoring,
assessment and intervention functions has long been expected to realize personalized and precise sports
management. This can be realized through integrating wearable sensing with data-driven injury early
warning model depicting the relationship between biomarker level and health status, and intelligent and
controllable intervention such as programmable mechanical loading'"”. (4) Interdisciplinary collaboration.
Theoretical innovation from molecular mechanisms to wearable technology stems from the in-depth
intersection of sports science, biomedicine, engineering and information technology. As for practical
applications, it is expected to build an integrated transformation system from lab to the field, by validating
and optimizing cutting-edge technological outcomes through large-scale trials, establishing standard norms,
and at the same time improving the data security protection"”.
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