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ARTICLE INFO ABSTRACT

Keywords: Non-invasive brain stimulation (NIBS) has emerged as a rapidly advancing field, offering promising therapeutic

TES interventions for a range of neurological disorders while effectively bridging the gap between laboratory research

Neuromodulation and clinical applications. Among NIBS technologies, transcranial electrical stimulation (TES) stands out as a
Sports performance R . . . . . . cp
Safety notable example, utilizing electrodes of varying sizes to deliver low-intensity electrical currents to specific re-

gions of the cerebral cortex. This technique facilitates the modulation of neuronal excitability, regulation of
brainwave activity, promotion of neural remodeling and repair, enhancement of cerebral blood flow, and
improvement of brain-muscle connectivity. Despite its potential, current research on the effects of TES on motor
function across diverse populations, particularly from a central nervous system perspective, remains limited. This
review seeks to establish a theoretical framework for the future advancement of TES technology in sports science,
elucidate the neurophysiological mechanisms underlying various TES modalities, and synthesize the most recent
experimental findings from the past two decades regarding its impact on physical fitness, motor skill acquisition,

and recovery in different populations.

1. Introduction

As sporting events continue to expand globally, athletes and sports
teams face growing challenges in enhancing performance and achieving
competitive results in a timely, safe, and efficient manner. Traditional
training methods, which primarily focus on strengthening the cardio-
vascular system, lungs, and muscles, have limitations in addressing the
complex demands of modern sports. In this context, advancements in
neuromodulation technology, particularly transcranial electrical stim-
ulation (TES), offer a promising alternative. TES employs electrodes of
varying sizes to deliver low-intensity electrical currents to specific brain
regions, modulating cortical excitability, enhancing brain-muscle
communication, and improving the central nervous system’s ability to
regulate physiological functions. Fig. 1.

Transcranial electrical stimulation (TES) encompasses three primary
modalities: transcranial random noise stimulation (tRNS), transcranial
alternating current stimulation (tACS), and transcranial direct current
stimulation (tDCS). Among these, tDCS modulates neuronal activity by
inducing either hyperpolarization or depolarization of the resting
membrane potential, depending on the stimulus polarity. Additionally,
tDCS can alter neuronal excitability in specific brain regions and
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promote synaptic plasticity, offering potential applications in both
research and clinical settings. [1]. Transcranial alternating current
stimulation (tACS) modulates neural activity by entraining large pop-
ulations of neurons and regulating neural oscillations through biphasic,
sinusoidal currents. A variant of tACS, transcranial random noise stim-
ulation (tRNS), leverages stochastic resonance with “white noise”
properties to influence brain oscillatory rhythms. Current evidence in-
dicates that TES administration may lead to transient adverse effects,
such as localized itching, mild erythema, warmth, or paresthesia on the
scalp. However, these symptoms are temporary, typically subsiding after
stimulation ceases, and no severe side effects or irreversible brain
damage have been reported [2].

Despite the growing interest in transcranial electrical stimulation
(TES), research examining its impact on motor performance across
diverse populations from a central nervous system perspective remains
limited. To address this gap, this paper aims to establish a scientific
foundation and provide guidelines for the clinical application, promo-
tion, and enhancement of sports performance through TES. First, the
neurophysiological mechanisms underlying TES effects on the cerebral
cortex are elucidated. Next, the most recent scientific advancements
over the past two decades in the domains of physical fitness
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enhancement, motor skill acquisition, and motor recovery are summa-
rized and analyzed. Finally, the current applications of TES in sports
performance and its safety profile are critically examined. The over-
arching goal of this study is to provide a robust scientific basis and
practical recommendations for the clinical utilization, development, and
optimization of TES technology.

2. Transcranial direct current stimulation

Which non-invasive techniques in contemporary neuroscience can
effectively and safely enhance motor function? Transcranial electrical
stimulation (TES) is a non-invasive brain stimulation method that
modulates neuronal activity. The three primary forms of TES are
transcranial direct current stimulation (tDCS), transcranial alternating
current stimulation (tACS), and transcranial random noise stimulation
(tRNS). Among these, tDCS involves the application of low-intensity
direct current (DC) through electrodes placed on the scalp, altering
neuronal excitability. tDCS has been widely utilized in research on
neurological and psychiatric disorders, including depression, schizo-
phrenia, obsessive-compulsive disorder, epilepsy, Alzheimer’s disease,
Parkinson’s disease, stroke, substance addiction, and attention disor-
ders. Additionally, it has applications in cognitive function, autonomic
nervous system regulation, appetite control, energy expenditure, motor
performance, and motor learning. tDCS is functional, repeatable, and
supported by portable, user-friendly equipment. While it may cause
transient side effects such as localized itching, erythema, and warmth on
the scalp, these symptoms are mild, reversible, and typically subside
after stimulation ceases, with no evidence of severe adverse effects or
irreversible brain damage.

The use of electrical stimulation in medical research dates back to
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antiquity, with historical evidence suggesting that Roman physicians
employed the mild electrical discharges from electric rays to treat con-
ditions such as headaches and gout. [3]. In the 18th century, John
Wesley pioneered the therapeutic application of electroconvulsive
therapy for pain management in clinical settings. Building upon this
foundation, Luigi Galvani conducted seminal experiments demon-
strating the physiological effects of electrical impulses through the in-
duction of muscular contractions in amphibian specimens, specifically
in isolated frog legs. [4]. The systematic application of transcranial
electrical stimulation (TES) in both animal and human studies
commenced in the 19th and 20th centuries. In the mid-20th century,
Merton and Morton pioneered the concept of TES, utilizing this tech-
nique to stimulate the human motor cortex. Their work suggested that
the underlying mechanism involves the application of a single,
non-sustained, high-intensity pulse to modulate the motor cortex,
thereby enhancing motor function. This approach focuses on cortical
modulation through brief, high-intensity pulses, leading to measurable
improvements in motor performance [5].

TES has evolved historically and innovatively from “electro-sleep,”
“electro-anaesthesia,” and “electro-convulsive therapy” procedures [6]
to become a highly valued technology in the last century, as shown in
Fig. 2.

2.1. Parameters of transcranial direct current stimulation

Stimulation parameters to be determined when undergoing tDCS
treatment include electrode lead configuration (involving the skin
contact area/size and location of all electrodes), stimulation intensity,
and duration.

tDCS modulates cortical excitability and remodels neuronal activity
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Fig. 1. Electrode placement, current waveform and influencing factors for different TES types.
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Fig. 2. The development history of TES [7,8,9,10,11,12,13].

by applying low-intensity DC currents (0.5-2 mA) to specific brain areas
[14] through two or more electrodes placed on the scalp. Fig. 4a. A
single tDCS stimulation session lasts about 10-30 min, excluding the
10-30 s of instability at the start and end of the administered stimulus;
The total charge is 15-100 pC/cm?Recently, Nitsche et al. employed 4
mA TDC for the clinical treatment of patients with ischemic stroke in an
effort to investigate the safety and tolerability of higher-intensity tDCS
applied to the human body. They were successful in their intervention
efforts [15]. Regarding the post-induction effect of tDCS, it has been
shown that the post-stimulation effect of 15 min of tDCS can last for 30
min [16] or 90 min'®*.

Recently, high-definition tDCS (High definition-transcranial direct

current stimulation, HD-tDCS) [17] Fig. 4b and individualized HD-tDCS
[18] (individualized High definition-transcranial direct current stimu-
lation, individualized HD-tDCS) Fig. 4c have been proposed as central-
ised forms of tDCS. HD-tDCS employs an array of five 1 x 1 cm ring
electrodes to deliver focal current to targeted brain regions. In this
configuration, the central electrode serves as the active stimulation site,
while the surrounding four electrodes function as return pathways.
Compared to conventional tDCS, HD-tDCS and its individualized vari-
ants enable more precise spatial targeting of cortical regions while
minimizing scalp contact area. This enhanced focality translates to
measurable neurophysiological changes and therapeutic benefits across
both clinical and non-clinical populations. Enhancing the effect of tDCS
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stimulation can be achieved by increasing the stimulation intensity,
duration, or by repeating the stimulation protocol [19]. Recent studies
have re-examined the “ceiling effect” — the theoretical limit of thera-
peutic efficacy achievable through singular high-intensity or prolonged
stimulation — demonstrating its limitations in transcranial electrical
stimulation (TES) [20]. Current tDCS parameter optimization remains
preliminary, with critical variables such as stimulation mode, electrode
configuration (size, placement), and anatomical variations (skull
thickness, cerebrospinal fluid volume) collectively modulating intra-
cranial electric field distributions. These interdependent factors amplify
field heterogeneity, thereby driving divergent experimental and clinical
outcomes [21].
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2.2. Physiological mechanisms of transcranial direct current stimulation

The integration of neuromodulation with neurophysiological and
brain imaging techniques offers a wealth of opportunities for investi-
gating the physiological underpinnings of brain modulation [22,23,24,
25,26,27]. This is crucial for delving deeply into the intricate network
mechanisms underlying functional brain disorders. The effectiveness of
tDCS on cerebral hemodynamics can be predicted using a range of ac-
quired neurophysiological, brain imaging, and clinical markers. Fig. 3.

TDCS increases neural network oscillations, motor cortical excit-
ability [60]. neuroplasticity, and the resting membrane potential of
subthreshold neurons. Fig. 4e [61].

TDCS is classified based on polarity into anodal (a-tDCS) and cath-
odal (c-tDCS) stimulation. Single-neuron recording studies demonstrate
that a-tDCS applied to the motor cortex induces depolarization of resting
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Fig. 3. Summary of applications of TES electrode placement in different brain regions based on Functional Magnetic Resonance Imaging (fMRI) [28,29,30,31,32,33,
34,35,36], Electroencephalogram (EEG) [37,38,39,40,41,42], Functional Near-Infrared Spectroscopy (fNIRS) [43,44,45,46,47,48]and Magnetoencephalography

(MEG) imaging techniques [49,44,50,51].
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Fig. 4. Schematic representation of the different types of tDCS and their physiological mechanisms.(a)Conventional tDCS [52].(b)Individualized High-Definition
tDCS [47].(c)High-Definition tDCS [53].(d)Differential polarization of cortical pyramidalneuron dendrites through weak extracellular fields [54].(e)The effects of
tDCS on individual neurons are neurochemically modulated to include LTP and LTD [55].(f)Astrocytes as a target of tDCS to treat depression [56,57,58,52]. (g)
tDCS-induced changes in brain synchronization and topological functional organization [52,59].

membrane potentials, thereby increasing cortical excitability.
Conversely, c-tDCS application to the same region triggers hyperpolar-
ization of resting membrane potentials, thereby decreasing cortical
excitability. [62]. It is worth noting that this regulation is not limited to
the stimulation target area, but can also affect distant brain areas
through intercortical connections (such as the transcallosal inhibitory
effect of stimulation of the contralateral hemisphere of the premotor
cortex) [63]. When a-tDCS is applied, glutamate undergoes depolari-
zation and its concentration increases. This activates both N-methyl--
p-aspartate receptors (NMDARs) and voltage-gated calcium channels
(VGCCs), thereby elevating intracellular Ca®" concentrations and

inducing long-term potentiation (LTP). Notably, while sustained, ho-
mogeneous Ca?* elevation promotes long-term depression (LTD), tran-
sient but pronounced Ca* spikes preferentially trigger LTP. Conversely,
cathodal tDCS (c-tDCS) induces glutamate hyperpolarization and re-
duces its concentration. This activates GABA receptors, inhibits NMDAR
and VGCC activity, and diminishes Ca®" influx, ultimately leading to
LTD [64].

The effects of tDCS on neuronal activity can be observed across
multiple structural levels, including dendrites, cell bodies (soma), and
axon terminals. Fig. 4d [54]. a-tDCS can lead to depolarization of the
apical dendritic layer of vertebral neurons (enhanced synaptic input
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integration) and cell body (Soma) hyperpolarization (reduces action
potential output), this “dendritic-cell body decoupling” phenomenon
may optimize neural network coding by regulating synaptic weights. For
example, changes in dendritic spinous morphology (such as increasing
or shrinking volume) can directly affect synaptic transmission effi-
ciency, while gene expression regulation (such as BDNF, Arc genes)
further consolidate synaptic plasticity [65]. Anodal stimulation induces
depolarization in the apical dendritic layer (blue) of spinal cortical
neurons while simultaneously causing hyperpolarization of the soma
(red). These changes influence both presynaptic and postsynaptic plas-
ticity, including morphological modifications in dendritic spines,

a Blood Flow Velocity

Left Doppler
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% Change from 1* 10 min
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modulation of membrane potentials, alterations in gene expression,
regulation of neurotransmitter release, and guidance of axonal
development.

The effect of tDCS on non-neuronal cells such as glial and endothelial
cells is a relatively new area of research, and some studies have shown
that tDCS can affect these cell types, which may have an impact on brain
function and vascular health [52]. Fig. 4f.Among the non-neuronal cells
in the brain are called neuroglia, which also includes oligodendrocytes,
microglia, and astrocytes. They are essential for sustaining the integrity
of the cerebral environment, supplying sustenance, assisting in the
healing of the nervous system, and controlling neurotransmission. tDCS
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Fig. 5. Effects of tDCS on cerebral haemodynamics(a)Cerebral oxygenation percent change from baseline. Early Group (stimulation at 10-20 min); Late Group
(stimulation at 30-40 min) [74].(b)Changes in rCBF over time in a typical subject fitted with the anodal montage [71].(c)Regional oxygen saturation results [75].(d)
Brain perfusion changes during stimulation compared with baseline Red areas represent areas where cerebral perfusion increases during anodic stimulation, and blue
areas represent areas where perfusion decreases during cathodic stimulation [69].(e)Spatiotemporal representation of CHbO2 obtained under both real stimulus (top)

and sham stimulus (mid) conditions [73].
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may enhance its glutamate reuptake ability, reduce excitotoxicity, and
indirectly regulate synaptic plasticity by releasing p-serine synergistic
NMDAR function [66]. After tDCS stimulation, its activation state may
shift from pro-inflammatory (M1 type) to anti-inflammatory (M2 type),
reducing neuroinflammatory and promoting damage repair. For
example, animal models show that anode tDCS can inhibit IL-1p and
TNF-a release while upregulating neurotrophic factors (such as IGF-1)
[66]. Meanwhile, tDCS can improve local cerebral blood flow (such as
increasing oxygenated hemoglobin concentration) by inducing the
release of nitric oxide (NO) and vascular endothelial growth factor
(VEGF) [65].

TDCS not only regulates local neuronal activity, but also affects
global neural oscillations by changing the functional connection of brain
networks. Anodic stimulation can enhance oscillation in the 6 (4-8 Hz)
and y (30-100 Hz) bands, promoting working memory and attention;
while cathodic stimulation may inhibit § (13-30 Hz) activity and reduce
pathological synchronization (e.g. Parkinson’s tremor) [63,65]. tDCS
targeting DLPFC can enhance the inverse correlation connection be-
tween the default mode network (DMN) and the task positive network
(TPN), improving emotional regulation and cognitive control in patients
with depression [65].

Brain connectivity research primarily focuses on the anatomical
pathways, neural connections, and communication mechanisms among
various regions of the central nervous system (CNS). A seminal study has
provided initial evidence that transcranial direct current stimulation
(tDCS) can induce alterations in brain synchronization and modify the
topological functional organization of neural networks. The findings
suggest that excitatory changes elicited by tDCS may lead to significant
reorganization of functional cortical architecture. In this study, four
distinct brain networks were simulated during tDCS application, utiliz-
ing a matrix-based approach to model connectivity strengths between
specific cortical regions. Fig. 4g [67,59].

In addition to EEG and fMRI data, the effects of tDCS on brain con-
nectivity can also be examined based on haemodynamic changes [68,
69]. When Nelson et al. explored the role of the dorsolateral prefrontal
cortex (DLPFC) in hypervigilance, they showed that anodal and cathodal
stimulation resulted in significant increases or decreases in CBFV(cere-
bral blood flow velocity, cBFV), respectively. Fig. 5a [70]. Zheng et al.
measured rCBF (regional cerebral blood flow, rCBF)using magnetic
resonance imaging (MRI) and showed that a-tDCS increased rCBF.
Fig. 5b [71]. Dalong et al. measured regional cerebral oxygen saturation
(rSO3) using a wireless cerebral oximetry acquisition system (WORTH
headband, Casibrain Technology) across five consecutive time points.
Their findings demonstrated a significant increase in rSO; levels within
a 4-h observation window. Fig. 5c [72]. Stagg et al. pioneered the
combination of left dorsolateral prefrontal cortex (L-DLPFC) stimulation
with transcranial direct current stimulation (tDCS) to investigate asso-
ciated changes in cerebral perfusion pressure (CPP). Their findings
revealed distinct patterns of cerebral perfusion: increased perfusion
during anodal stimulation (Fig. 5d, top), decreased perfusion during
cathodal stimulation (Fig. 5d, middle), and greater perfusion during
anodal compared to cathodal stimulation (Fig. 5d, bottom). In a related
study, Merzagora et al. utilized functional near-infrared spectroscopy
(fNIRS) to monitor changes in oxygenated hemoglobin (HbO2) con-
centration. They observed that anodal stimulation significantly
increased HbO2 levels, with post-stimulation effects persisting for 8-10
min, while cathodal stimulation produced the opposite effect. Fig. 5Se
[73]. To better quantify these perfusion changes and examine their
relationship with cortical states, future research should focus on
tDCS-induced modulation of regional oxygen saturation (rSO2) and
other cerebral blood flow metrics during task-related activities.

3. Transcranial alternating current stimulation

TACS has been successfully used in the modulation of human
perception and motor coordination, as well as in the clinical treatment of

Biochemistry and Biophysics Reports 43 (2025) 102055

psychiatric disorders such as Parkinson’s disease or schizophrenia.
3.1. Parameters of transcranial alternating current stimulation

By creating alternating positive and negative voltage changes in
particular brain regions, tACS mimics the normal rhythm of electrical
activity in the brain [23,26]. This is achieved by using sinusoidal cur-
rents. tACS modulates targeted cortical regions through phase-specific
voltage oscillations, thereby entraining endogenous brain rhythms to
their natural frequency patterns. Fig. 6a [76]. This stimulation is
generally performed at low intensity (1-2 mA) for a duration of
approximately 10-20 min and is designed to mimic the brain’s fre-
quency bands of a, B. y. & and 6 waves [77,78]. The spatial distribu-
tion and magnitude of current flow are determined by electrode
placement, individual electrode current intensity (referred to as
montage configuration), and regional tissue conductivity profiles. tACS
can be administered across a broad frequency spectrum, encompassing
conventional electroencephalographic (EEG) ranges (0.1-80 Hz) and
extending to higher frequencies (<140 Hz). [79]. For neuroplasticity
investigations, individual sinusoidal waveforms with peak intensities of
0.4-1 mA and frequencies ranging from 10 to 250 Hz have been eval-
uated. Additionally, higher frequency protocols, extending from
near-direct current (DC) levels up to 5 kHz, including single-frequency
applications at 200 kHz, have been investigated for their potential in
oncological clinical interventions.32 10,

Compared to conventional tACS, HD-tACS (high definition trans-
cranial alternating current stimulation, HD-tACS). Fig. 6b [81] and its
personalized variants Fig. 6¢ [81] provide more precise stimulation of
brain regions through the use of multiple, small electrodes, thus
improving the effectiveness and specificity of stimulation. HD-tACS can
be used in unilateral or bilateral configurations and can use different
frequencies of stimulation to affect brain function or state, for example
using 6 Hz to modulate 6 wave activity in the prefrontal cortex thereby
affecting the brain’s executive function and visuospatial memory [82].
Other frequencies, such as 10 Hz, 20 Hz, and 40 Hz, have also been used
to study the effects on hearing [83]. attention [84]. and visuospatial
memory [81].

The effect of tACS depends on the intensity of the applied current
[80]. The soft tissues surrounding the skull and brain divert approxi-
mately 60-75 % of injected current away from the brain, a phenomenon
termed the “scalp shunt” effect [85]. Antal et al. note that
post-stimulation effects at low intensities (e.g., 0.4 mA) and frequencies
(e.g., 1-45 Hz) are negligible due to their minimal magnitude and
transient nature. Empirical studies indicate that effective neuro-
modulation in humans typically requires electric field strengths of 0.3-1
mV/mm, corresponding to total currents of 1-4 mA. Consequently,
achieving sufficient electric field intensity is critical for inducing
measurable neurophysiological effects [80].

3.2. Physiological mechanisms of transcranial alternating current
stimulation

Studies on the physiological mechanisms of tACS [86] are summa-
rized below (Table 1):tACS modulates endogenous neural oscillations
through precise control of stimulation parameters, including frequency,
intensity, and phase alignment. This external rhythmic entrainment
promotes neuroplasticity by synchronizing exogenous stimuli with
intrinsic brain activity patterns [87,77,88,89].

The effects of tACS on brain physiology are realised in three main
ways. Firstly, tACS was more effective in modulating the stimulatory
effects of concussion in the brain compared to tDCS [96]. tACS induces
periodic depolarization and hyperpolarization of neuronal membrane
potentials by applying a sinusoidal electric field with frequency speci-
ficity (such as a-band 8-12 Hz or y-band 30-50 Hz). This exogenous
rhythm not only resonates with endogenous oscillations (such as « os-
cillations generated by the thalamic-cortical circuit), but also adjusts
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Fig. 6. Schematic representation of different types of tACS and their physiological mechanisms.(a)Conventional TACS [80].(b)High-Definition TACS [81].(c)Indi-
vidualized High-Definition TACS [75].(d)Schematic diagram of the physiological mechanism of tACS [80].

synaptic weights through spike time-dependent plasticity [97]. When
the tACS frequency matches the inherent oscillation of the target brain
region, the spike release time of the neuron population is significantly
synchronized, thereby enhancing the power and coherence of the local
field potential (LFP) [97]. TACS in different frequency bands have
functional heterogeneity in the regulation of neural oscillation. For
example, 40 Hz gamma-band stimulation enhances working
memory-related frontotopic network synchronization, while the 10 Hz
alpha-band improves attention by suppressing the default mode network
(DMN) [97]. Some investigations have found that dosages ranging from
0.3 mV/mm to 0.4 mV/mm had an 80 %-95 % likelihood of modulating
brain activity. Fig. 6d left [98].

Subsequently, tACS-induced synaptic plasticity depends on the dy-
namic coupling of NMDA receptor activation to intracellular calcium
signaling. When tACS drives periodic fluctuations in neuron membrane

potential, postsynaptic depolarization can relieve magnesium ion
blockade of NMDA receptors, causing calcium influx to trigger down-
stream signaling pathways (such as CaMKII, CREB), ultimately pro-
moting long-term enhancement (LTP) [99]. tACS is
frequency-dependent on the induction of LTP: low-frequency stimula-
tion (<5 Hz) may trigger long-term inhibition (LTD) through activation
of protein phosphatase, while high-frequency stimulation (>10 Hz)
preferentially activates the kinase pathway [100]. The tACS-induced
LTP enhances signaling between two neurons with effects lasting for
hours or even months, which explains the main reason for the long-term
offline effect of tACS.Fig. 6d mid [101].

Finally, tACS regulates the functional connection of the distributed
brain region through cross-frequency coupling (such as 6-y oscillation
coupling) or homofrequency phase locking. tACS can also be used to
modulate phase coherence and long-range connectivity between two or
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Table 1
Physiological studies related to tACS.

References/ Methodology  Targets Main results

Study

Francis et al. tACS Neuronal tACS can cause cumulative
[90] resonance effects across numerous

Deans et al. cycles, causing spike timing
[91] to shift.

Reato et al.

[92]

Kirsch and tACS Cholinergic and The number of presynaptic
Nichols adrenergic vesicles decreases and then
[93] Neural increases after treatment of

transmission reserpine, physostigmine,
and tACS.

Zaehle et al. tACS Rhythmic tACS influences neuronal
[94] patterns and synchronization by

natural pattern increasing or decreasing it,
resulting in LTP and LTD.
By promoting or blocking a
subthreshold signal, tACS
[95] causes stochastic resonance,
which influences neuronal
groups and causes a wide
range of global effects.

Fertonani and tACS -
Miniussi

Table 1 tACS after-effects on membrane polarity [91,90,92]; tACS after-effects
on membrane polarity [93]; tACS after-effects on synaptic plasticity [94];
tACS after-effects on neuronal networks and connectivity [95].

more brain regions. This mechanism enhances information flow within
neural networks by precisely synchronizing the timing of neuronal ac-
tivity, particularly the depolarization threshold required for action po-
tential generation. Through increased coherence, such synchronization
promotes more efficient inter-neuronal communication, thereby opti-
mizing the brain’s overall communication patterns [102]. As shown, this
synchronization may facilitate or inhibit specific types of information
flow. Fig. 6d right. This synchronization may promote or suppress a
specific type of information flow. For example, applying a stimulus in
phase theta band (4-8 Hz) to the prefrontal lobe and hippocampus can
enhance phase consistency between the two regions in working memory
tasks and improve information transfer efficiency [97].

Most of the stimulation target areas that have been described for
TACS to improve muscle strength have focused on the motor cortex
[103,104,105]. Its future research direction focuses on how to optimize
high-precision electrical stimulation and interference-modulated elec-
trical stimulation, and the optimization schemes are also diverse, such as
high-definition TACS, phase-shifted TACS, amplitude-demodulated
TACS, time-interference (TI) method, and intersecting short-pulse
(ISP) method [106].

4. Transcranial random noise stimulation

TRNS is a non-invasive neuromodulation technique that delivers
stochastic electrical currents through scalp electrodes to modulate
cortical activity. Unlike tACS and tDCS, tRNS employs randomly fluc-
tuating current intensities rather than constant or periodic waveforms.
This unique stochastic property has demonstrated therapeutic potential
across multiple neurological domains, including visual processing dis-
orders (amblyopia, myopia), cognitive impairments (attention deficits,
schizophrenia), language dysfunction, affective disorders, chronic pain
management, cerebellar dysfunction, and neurodevelopmental
conditions.

4.1. Parameters of transcranial random noise stimulation

TRNS was formally proposed and widely used in neuroscience in
2008 [107]. As a special form of tACS, the brain is stimulated with
alternating current, and the intensity and frequency of the current
changes with opportunity, presenting itself as various forms of noise
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with the characteristics of “white noise”. Fig. 7a [108,107]. For the first
time, it was reported by Chenot et al. that HD-tRNS (high-definition
tRNS, HD-tRNS) Fig. 7b is more effective than traditional tRNS at
enhancing performance in a complex task. The study examined the ef-
fects of two different types of tRNS on learning speed, short-term, and
long-term performance in a video game [109].

Typically, the tRNS current intensity is between 0.5 and 2 mA, the
stimulation duration is 0-20 min, the current density is < 1 A/m?, and
the current frequency ranges between 0 and 1000 Hz, but lower fre-
quency ranges can be used depending on the target brain area and the
desired effect, e.g., low frequency (0.1-100 Hz), high frequency
(101-640 Hz), and full frequency (0.1-640 Hz), respectively. Physio-
logical effects on cortical excitability are also different.: high-frequency
tRNS (hf-tRNS: 101-640 Hz) increased cortical excitability, whereas
low-frequency tRNS (If-tRNS: 0.1-100 Hz) did not cause significant
changes [107].

4.2. Physiological mechanisms of transcranial random noise stimulation

One of the core mechanisms of tRNS is to enhance the detection and
transmission efficiency of neural signals through random resonance (SR)
[111]. SR theory shows that when the system is in a subthreshold state,
moderate noise can enhance the detection ability of weak signals. At the
neuronal level, tRNS regulates the fluctuations of membrane potential
by introducing random electrical noise, bringing it closer to the
threshold of action potential [115]. When the noise level is in the
optimal range, the discharge probability of the neuron is highly
consistent with the timing of the input signal, thereby significantly
improving the signal-to-noise ratio (SNR) of the signal. This mechanism
is particularly significant in perceptual tasks such as tactile or visual
discrimination, and experiments show that tRNS can reduce perceptual
threshold by 20 %-30 % and improve the stability of task performance.
High-frequency tRNS (hf-tRNS, 100-640 Hz) mainly enhances the acti-
vation efficiency of fast sodium ion channels and improves the transient
response ability of neurons; while low-frequency tRNS (If-tRNS,
0.1-100 Hz) adjusts the slow speed Potassium ion channel, affecting the
continuous discharge mode of neurons. When a neuron’s membrane
potential reaches the firing threshold, subthreshold stimuli induce an
active depolarization process that generates an all-or-none action po-
tential. Suboptimal noise intensities (too low) prevent weak stimuli from
eliciting detectable neural responses. At moderate noise levels, sto-
chastic resonance facilitates precise temporal synchronization between
input stimuli and output spikes, thereby optimizing signal detection fi-
delity. Conversely, excessive noise disrupts this temporal correspon-
dence, degrading detection accuracy through  response
desynchronization. Fig. 7c.

The enhanced effect of tRNS on cerebral cortex excitability depends
mainly on its repeated activation of voltage-gated sodium ion channel
(Nav). [116,104,112]. tRNS can increase the probability of opening the
Nav channel by depolarizing the film potential, thereby increasing the
frequency of distributing the action potential. When analyzing the effect
of RNS on the response of Na + current in neurons, it was recorded that
under moderate-intensity tRNS, the peak amplitude of sodium current in
cells increased significantly (about 30 %-50 %), and this effect was
stimulated. It can last for several minutes after the end. (indicated in red
records). . tRNS enhances the rapid discharge capability of neurons by
regulating the inactivated state recovery rate of the Nav channel. At the
same time, tRNS can reduce the activity of GABA neurons and reduce
inhibitory postsynaptic currents (IPSCs), thereby improving the excit-
ability of local networks. This mechanism explains the role of tRNS in
promoting motor learning ability.

TRNS can not only regulate neuronal activity instantly, but also
produce long-term effects by inducing synaptic plasticity. Studies have
shown that hf-tRNS can trigger calcium-dependent signaling pathways
(such as CaMKII, ERK) by activating NMDA receptors, promoting long-
term enhancement (LTP). In addition, tRNS can also enhance synaptic
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Fig. 7. Schematic representation of the different types of tRNS and their physiological mechanisms.(a)Conventional tRNS [110].(b)High-Definition tRNS [109].(c)
Conceptual representation of how electrical RNS may enhance the neural signal and influence neural response according to the SR phenomenon [111].(d)The method
to analyze the effects of electrical RNS on the peak amplitude of Na + currents elicited by a voltage-clamp-ramp protocol in dissociated cortical neurons of Wistar
rats. Left panel, pictures of two pyramidal cells from the auditory and somatosensory cortex. Right panel, voltage-clamp ramps and the associated Na + currents for
these cells in conditions of zero RNS and five different levels of RNS as indicated above. Note that there is an increase in the peak amplitude of the Na + current for
intermediate intensities of RNS (red recordings) [112].(e)Regions of decreased activity for hf-tRNS. Contrast sham- Hfreq (left) revealed changes in the left frontal
cortex. Contrast Lfreq-Hfreq (right) revealed additional changes in right frontal cortex and precuneous [113].(f)Boxplots of the activation volumes resulting from the
movement after the diVerent stimulation conditions compared to the REST in the sensorimotor, premotor and SMA [114].

transmission efficiency by regulating the probability of presynaptic
vesicles release. Synaptic Structure Remodeling: tRNS increases the
stability of postsynaptic dense region (PSD) by regulating the actin dy-
namics of dendritic spines. Ultra-high resolution imaging showed that
the dendritic spine density increased by 15 %-20 % after tRNS stimu-
lation, which was directly related to the enhancement of synaptic
plasticity. Meanwhile, tRNS supports the energy demand for synaptic
plasticity by enhancing mitochondrial ATP synthesis -efficiency.
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Inhibition of mitochondrial complex I can block the promotion effect of
tRNS on LTP, suggesting the key role of energy metabolism in the tRNS
effect.

Research using functional magnetic resonance imaging (fMRI) shows
that tRNS can induce blood oxygen level-dependent (BOLD) signal
changes in the brain, reflecting its far-reaching impact on human cere-
bral hemodynamics and network function. hf-tRNS is often associated
with improvements in early learning ability, manifested as enhanced



J. Wang et al.

BOLD signaling in task-related brain regions such as prefrontal and
parietal lobes. 7! 178 1f-tRNS may hinder early learning ability by
suppressing the activity of the default mode network (DMN). [113].
Fig. 7e. However, it has also been shown that short-term application of
tRNS induces a transient decrease in blood oxygenation level dependent
(BOLD) activity in human primary sensorimotor cortex during a finger
tapping task [114]. Fig. 7f tRNS can also affect local blood flow by
regulating the coupling relationship between neuronal activity and
vasodilation. For example, hf-tRNS can increase blood oxygen supply to
task-related brain regions, while 1f-tRNS may reduce blood flow by
inhibiting the expression of vascular endothelial growth factor (VEGF).

TRNS achieves precise regulation of brain function through a multi-
scale mechanism, from random resonance enhanced signal detection,
sodium ion channel dynamic regulation to blood oxygen network reor-
ganization. Its unique non-invasiveness and frequency specificity pro-
vide a new paradigm for the treatment of neuropsychiatric diseases.
Future research needs to integrate computational neuroscience, molec-
ular biology and clinical medicine to reveal its whole-brain dynamics
laws and promote the implementation of personalized neuroregulatory
solutions.

5. Safety

Common adverse reactions to the TES technique include a slight
tingling sensation, numbness, itchiness, or transient redness of the skin
under the electrode plates during stimulation, as well as phosphene,
nausea, headache, and dizziness at the onset of stimulation, which are
retained for a short period of time, and return to normal after replen-
ishment of saline, rest, and adjustment [117]. For tACS and tRNS, the
safe range of current intensity is usually controlled at 1-2 mA (peak--
to-peak), and the duration of a single stimulation does not exceed 40 min
[118]. It has been shown that tACS maintains safety even with current
strengths up to 10 mA (under a specific high-frequency paradigm) when
it employs low-frequency (e.g., a. B. 6 wave frequencies) or
high-frequency (kHz) alternating current (AC) modes [118]. In contrast,
random noise current stimulation of tRNS usually uses a current density
of 1~2 mA, and no serious adverse effects have been reported [118].

Using weighted magnetic resonance and 7 T techniques, a number of
institutions, including the National Institutes of Health (NIH), the
highest level of medical and behavioral research in the United States,
and numerous community researchers have scientifically defined the
dosimetric safety issue of tDCS. This demonstrates that TES has been
tested and found to be safe and effective for humans within reasonable
parameters (<40 min, <4 mA, <7.2C) [119,120,121,122,123,124]. As
with tDCS, the safety of tACS and tRNS as low-intensity TES techniques
has been widely validated, with side effects mainly characterized by
transient tingling under the electrodes or mild headache and occurring
at a lower rate than with tDCS, and no serious adverse events directly
related to tACS or tRNS have been identified [2].

Regarding the TES dose, Peterchev and others have scientifically
defined the TES dose, which includes the electrode parameters as well as
the current stimulation waveforms [125]. For the safety of the entire
experimental process, on the one hand, subjects participating in the
experiment should be screened for eligibility (e.g., health status, age
stage, cognitive level, etc.). Firstly, people who have had an injury or
surgery within the last 6 months, who have metal implants in the skull or
brain, who suffer from skin disorders, and who are susceptible to sei-
zures, such as epileptic patients with severe medical conditions, should
not be subjected to tDCS. In addition, special attention needs to be paid
to the match between current frequency and brain waves when using
tACS to avoid inducing abnormal neural synchronization activities;
tRNS needs to ensure the stability of random noise parameters to prevent
discomfort in subjects due to current fluctuations [118].

On the other hand, different experimental phases should be pro-
tected accordingly. It is important to choose the right resistor to regulate
the current intensity and charge density, especially for tACS and tRNS to
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ensure that the current density is below the safety threshold of 6.3 A/m?
by monitoring the electrode impedance in real time (e.g. with imped-
ance detecting equipment) [118]. It should be noted that the static
impedance level of the skin should be within the limits of the tDCS de-
vice manufacturer, otherwise it should not be stimulated. The surface of
the skin should be wiped with a cotton swab moistened with alcohol
before receiving stimulation using round electrodes sufficiently soaked
in saline solution. For tACS and tRNS, a pre-stimulation feature (e.g. 0.5
mA pre-adaptive current) is recommended to minimize initial discom-
fort and to reduce the risk of setup errors with an intuitive operator
interface such as a mechanical knob. Stimulation intervals should be
reasonably controlled to a sufficiently large extent, primarily to avoid
possible skin lesions due to the cumulative effect of the current [126].

6. The effect of TES on athletic performance

There is a large body of research data that demonstrates that TES is
the key to enhancing human performance and obtaining superior ath-
letic performance, and TES does not fall under the World Anti-Doping
Agency (WADA) umbrella, so it can be legally used before and after
competition [127,128,129,130,131,132,133]. Much of the research on
the link between performance and TES has been done with electrodes
placed in the left DLPFC region. The left DLPFC is the main brain region
that regulates human sports performance, and its main functions include
regulating cognition and emotion, controlling fatigue, enhancing phys-
ical recovery, and enhancing motor memory [134]. Stimulation of the
DLPFC effectively activates the motor cortex in a state of central nervous
fatigue, which determines the organism’s ability to continue to perform
physical activity effectively [135].

In 2016, Nature reported that the U.S. Ski and Snowboard Associa-
tion was applying tDCS to elite skiers before races to improve their
athletic performance [136]. In 2021, Alexandre Moreira used tDCS on
elite U-20 men’s and women’s football players after matches to accel-
erate athletes’ recovery time after matches [137,138]. In addition to
this, Major League Baseball (MLB) [139], American Hockey [140], the
National Football League (NFL) and the National Basketball Association
(NBA) have formally initiated the use of TES equipment for elite athletes
or professional sports teams.

Our study did not require further ethics committee approval as it did
not involve animal or human clinical trials and was not unethical.

6.1. Effects of TES on muscle strength

Muscle strength is defined as the capacity of the neuromuscular
system to generate force against external resistance, with neuro-
modulation and the frequency of neural impulses being critical de-
terminants of muscular performance. Transcranial direct current
stimulation (tDCS) demonstrates significant scientific and technological
promise for enhancing both muscle strength and endurance. Current
research has established that tDCS applied to the dorsolateral prefrontal
cortex (DLPFC), primary motor cortex (M1), and temporal cortex
effectively enhances upper and lower limb muscle strength in healthy
adult populations (Table 2). Notably, Vimolratana et al. demonstrated
that a 20-min application of 2 mA anodal tDCS (a-tDCS) over the left M1
region significantly improved dominant limb muscle strength in study
participants. [141,142]. Lattari et al. found that 2 mA of a-tDCS inter-
vention on the left motor cortex for 20 min resulted in increased upper
limb muscle strength and elevated bench press training volume in sub-
jects [143]. Lerma-Lara et al. found that 2 mA of a-tDCS stimulation of
the motor cortex for 20 min resulted in elevated Maximum voluntary
contraction (MVC) strength of upper and lower limb muscles in subjects
[144]. Hkosaka et al. found that 1.5 mA of a-tDCS intervened on the
right motor cortex for 20 min and increased one- and two-handed grip
strength in the subjects [145].

TDCS has been extensively investigated for enhancing lower limb
muscle strength in healthy populations. Zhu et al. demonstrated that
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Table 2
Study Effect of Transcranial Direct Current Stimulation on Muscle strength learning.
Research Research target  Electrode Electrode Stimulus Stimulus Campaign Target muscle Findings
Literature placement specifications/ duration/ intensity/ programme group
cm? min mA
Behzad Taheri 44 healthy M1 / 20 1.5 80 % of 1RM Biceps tDCS combined with
et al., 2024 young men perform biceps low-intensity exercise
dumbbell curls with actual blood flow
limitation lacks
synergistic effects
Elder 80 young and Primary motor / 30 2 Lung vitality Respiratory The strength and lung
Nascimento older women cortex muscles function of the test
Pereira group increased.
et al., 2024
Zhu et al., 15 healthy a-tDCS: bilateral 35 20 2 Counter Motion muscle strength Maximum torque
2023 young people motor cortex C3 Jumps (CMJs) of the lower limbs  increase at knee, ankle
and C4 and hip joints
c-tDCS:
ipsilateral over
the shoulder
Luo et al., 20 rock C3,CZ, C4 of 35 20 2 Level 3 loaded Latissimus dorsi; Single Arm Pull Down
2023 climbers bilateral DLPFCs single arm pull obliques Explosive Power Lift
down
Etemadi et al., 14 healthy a-tDCS: CZatM1, 20 20 2 Bicycle ergometry; Rectus femoris Elevated EMG
2023 adult males F3 at left DLPFC pedal cadence muscle; medial amplitude of the
¢-tDCS: above left femoris muscle; medial femoral muscle
shoulder, lateral femoris
supraorbital muscle
region on AF8
Oranich et al., 18-40 healthy a-tDCS: M1 35 20 2 Supine position; Bilateral upper Advantageous Limb
2023 adults region at C3 sitting position and lower Muscle Strength
c-tDCS: muscles Enhancement
contralateral
orbital region
(Fp2)
Lattari et al., 16 healthy a-tDCS: Left 35 20 2 bench press upper limb Bench Press Volume
2023 adult males DLPFC muscle Improvement
Xiao, et al., 16 healthy a-HD-tDCS: C3, 3.14 20 2 Short foot exercises; flexor digitorum Foot Movement
2022 adult males C4, FZ, PZ in Cz towel curls; toe (anatomy) Function Enhancement
stretches; squeezes;
balance board
exercises
Xiao et al., 30 healthy a-HD-tDCS: C3, 3.14 20 2 Ankle Dorsiflexion; flexor digitorum Foot Movement
2022 adults C4, FZ, PZ in Cz Towel Curl; Toe (anatomy) Function Enhancement
Extension; Squeeze;
Balance Board
Training
Maetal.,, 2022 12 right- a-tDCS:Left 35 20 2 Bilateral knee and Quadriceps and Left knee and left
handed male DLPFC shoulder extension latissimus dorsi shoulder isometric
professional muscle lifts
rowers
Rodrigues 12 healthy Left DLPFC 35 20 2 Bench Press, Back Back squat load lift
et al., 2022 right-handed Squat
adult males
Garcia-sillero 16 male a-tDCS: left 35 20 2 Back squat workout Rectus femoris, Squat exercise speed
et al., 2022 firefighters DLPFC at F3 1 R M (BS exercise) vastus lateralis may increase
c-tDCS: frontal
cortex above the
right eye Fp2
Lu et al., 2021 19 healthy a-tDCS: CZ 28 20 2 Maximum casual Knee extensors Non-dominant leg
adult males c-tDCS: at C5 and contraction of the and flexors, extensor and flexor
Cc6 knee joint biceps femoris MVC lifts
Lerma-Lara 100 healthy a-tDCS: M1 35 20 2 Upper and lower Biceps brachii, MVC Strength
et al., 2021 adult males region extremity MVC rectus femoris Improvement for Upper
isometric and Lower Body
contraction Muscles
Hikosaka 12 healthy a-tDCS: right M1, 25 15 1.5 MVC of grip superficial flexor Increased one-handed
et al., 2021 adult males C4 area strength muscles of the and two-handed grip

c-tDCS: left M1,
C3 zone

fingers

strength

bilateral application of 2 mA anodal tDCS (a-tDCS) over the primary
motor cortex for 20 min significantly enhanced peak torque production
across the knee, ankle, and hip joints. [146]. Etemadi et al. found that 2
mA of a-tDCS stimulation of the left motor cortex for 20 min resulted in
elevated EMG amplitude of the medial femoral muscles and improved
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muscle strength of the rectus femoris, medial femoris, and lateral fem-
oris muscles in their subjects [147]. Similarly, Rodrigues et al. found
that 2 mA of a-tDCS stimulation of the left motor cortex for 20 min
resulted in elevated back squat loads in subjects during bench press and
back squat training tests [148]. Xiao et al. conducted a double
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experiment to address the effect of tDCS on toe flexor strength and found
that 2 mA of a-tDCS stimulated the left motor cortex for 20 min,
resulting in elevated foot motor function [149,150]. Lu et al. found that
2 mA of a-tDCS intervention on the motor cortex for 20 min elevated
MVC in subjects’ non-dominant leg extensors and flexors [151].

In addition to studies of ordinary, healthy adult subjects, researchers
are also exploring the effects of tDCS on muscle strength in professional
athletes and firefighters. lo et al. found that after 20 min of 2 mA a-tDCS
stimulation of the bilateral motor cortex of 20 rock climbers, the athletes
had elevated one-arm pull-down explosiveness [152]. Ma et al. found
that after 20 min of 2 mA a-tDCS stimulation of the left motor cortex in
12 right-handed male professional rowers, the athletes’ isometric mus-
cle strength in the left knee and left shoulder was elevated [153].
Garcia-sillero et al. found that after 20 min of 2 mA a-tDCS stimulation
of the left motor cortex in 16 male firefighters, the subjects’ squatting
movement speed may be elevated [154].

However, some of the studies on the effects of tDCS on muscle
strength have been obtained inconsistently, suggesting that tDCS does
not affect lower limb strength and athletic performance [155]. Jung
et al. failed to improve muscular endurance and lower limb explosive
strength in 56 healthy adult subjects after a 20-min intervention on the
motor cortex using 2 mA of a-tDCS [156]. Savoury et al. intervened in
subjects’ motor cortex for 10 min using 2 mA of a-tDCS and did not
improve subjects’ isometric extensor muscle strength [157]. Garner
et al. used 2 mA a-tDCS for 20min stimulation of the motor cortex in 18
healthy adults, and the subjects did not improve quadriceps strength
[158]. Alibazi et al. tested 12 participants on a task using anodic
high-precision tDCS, and found that the muscles were not found to
produce maximal grip strength during submaximal grip strength
training stimulated with anodic high-precision tDCS, while ipsilateral
M1 excitability was not affected [159].

In summary, transcranial electrical stimulation (TES) has demon-
strated the capacity to enhance muscle strength performance in subjects
when optimal stimulation parameters are applied. Beyond fundamental
stimulation parameters, subject-specific factors—including age, health
status, and prior professional physical training—significantly influence
intervention efficacy. However, the extent to which TES can directly
augment muscle strength remains uncertain, as current research lacks
large-scale, scientifically rigorous experimental validation in human
populations. Furthermore, there is a critical need to integrate neuro-
imaging techniques to analyze the physiological mechanisms underlying
TES-induced muscle strength alterations during intervention periods.

6.2. Effect of TES on muscular endurance

The ability of the body’s muscles to withstand exhaustion and carry
out tasks is known as muscular endurance.

Numerous international studies have investigated the effects of
electrical stimulation on the motor cortex in healthy populations. For
instance, Etemadi et al. conducted a study involving 14 healthy adult
participants, applying 2 mA anodal transcranial direct current stimula-
tion (a-tDCS) to the left motor cortex for 20 min. Their findings revealed
that participants receiving tDCS over the dorsolateral prefrontal cortex
(DLPFC) exhibited significantly prolonged force maintenance during
cycling ergometry compared to control groups. [147]. In a study con-
ducted by Wang et al. a 20-min intervention of anodal transcranial direct
current stimulation (a-tDCS) with a current intensity not exceeding 2.2
mA was applied to the motor cortex of 20 healthy, right-handed male
college students. The results demonstrated a significant improvement in
right elbow flexor endurance among the participants. [160]. Vieira et al.
conducted a study in which a 20-min application of 2 mA anodal
transcranial direct current stimulation (a-tDCS) was administered to the
left motor cortex of 14 healthy adult participants. The results indicated a
significant increase in the number of repetitions performed during a
moderate-intensity back squat exercise task. [161]. Sidhu et al. con-
ducted a study in which a 10-min application of 2 mA high-definition
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transcranial direct current stimulation (HD-tDCS) was administered to
the left motor cortex of 12 healthy adult participants. The intervention
resulted in a measurable improvement in cycling performance among
the subjects [162].

Beyond studies involving the general healthy population, numerous
researchers have investigated the effects of transcranial electrical stim-
ulation on professional athletes. For instance, Liang et al. applied a 20-
min intervention of 2.2 mA anodal transcranial direct current stimula-
tion (a-tDCS) to the motor cortex of eight female rowers. The results
demonstrated a 1.05 % improvement in endurance scores during a
weight-bearing 5 km rowing task compared to baseline performance.
[163]. After a 20-min intervention using 2 mA of a-tDCS on the motor
cortex of 13 male basketball players, Chen et al. showed a decrease in
fatigue indices after repetitive sprints when the athletes were tested in a
40 x 15 m sprint task [164].

However, conflicting findings have emerged in studies examining the
effects of transcranial direct current stimulation (tDCS) on muscle
strength. For example, Isis et al. conducted a 20-min intervention using
2 mA anodal tDCS (a-tDCS) on the motor cortex of 15 healthy adult
participants. Their results revealed no significant improvement in time
to exhaustion (TE) during a maximal incremental cycling exercise test
(MIT). [165]. Kristiansen et al. intervened with 13 min of 2 mA electrical
stimulation of the motor cortex in 12 healthy subjects and found that the
subjects did not improve their performance in a 10 km time trial or
cycling [166].

The question of whether tDCS enhances muscular endurance remains
an active area of investigation. Some researchers have proposed a novel
experimental protocol combining peripheral and central tDCS stimula-
tion. This approach suggests that placing the anodal electrode over the
quadriceps motor area and the cathodal electrode over the contralateral
supraorbital region may increase peak torque in the quadriceps muscle.
[167]. In subsequent explorations, more specific measures should be
taken to conduct empirical experiments.

Roberto Monastero et al. In order to evaluate the effects of tRNS
applied to cognitive and motor tasks in PD-MCI patients, 10 PD-MCI
patients diagnosed according to the Movement Disorder Society Level
II MCI criteria received tRNS stimulation. The study showed significant
improvements in the patients’ motor abilities (Table 3) [168].

In conclusion, more empirical study is necessary to determine
whether the target region for TES placement to improve muscular
endurance can be more precisely defined, and some unskilled stimula-
tion regimens should be further validated in the investigation that fol-
lows. Future research will investigate the physiological reasons behind
the impacts of TES on muscle levels by combining TES technology with
other medical sensing technologies, like mirror infrared technology, to
synchronize electrical stimulation and brain measurements.

6.3. Effect of TES on balance

The human body’s most fundamental ability to govern its movement
is balance, which can only be improved by postural control system and
cognitive function. According to certain research, a-tDCS stimulation of
the cerebellum can reduce the body’s balance disorders by increasing
Purkinje cell activity, enhancing the function of the cerebellar earth
region or white matter tracts, and preventing neurons in the deep
cerebellar nuclei from producing motor function outputs [169,170].

Balance disorders are among the more common motor dysfunctions,
and improvement of balance disorders can be effective in reducing fall-
related injuries in older adults. FI Corréa et al. used a-tDCS to intervene
in the motor cortex of healthy older adults, and showed that motor
ability, balance, functional independence, and quality of life were
improved [171]. Similarly, Glaucio Carneiro Costa et al. used a 2 mA
a-tDCS for a 20min intervention on the motor cortex of 28 healthy older
adults, and the subjects’ balance improved [172]. Songlin Xiao et al.
used HD-tDCS to intervene in the motor cortex of 30 and 36 healthy
adults, respectively, and the subjects’ static balance was significantly
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Table 3
Study Effect of Transcranial Direct Current Stimulation on Muscle muscular endurance.
Research Research target  Electrode Electrode Stimulus Stimulus Campaign Target muscle Findings
Literature placement specifications/ duration/ intensity/ programme group
cm? min mA
Tai-Chih Chen 20 healthy men M1 / 20 2 Poppy Jump lateral femoral No-Jump Burpee and
et al., 2024 DLPFC muscle other physical endurance
improvements
Fernanda 32 healthy / / 20 2 Pelvic Floor Oral instructions tDCS combined with
Ishida young women Muscle Training for sitting posture ~ PFMT did not enhance
Correéa et al., (PFMT) PFMT PFMT to increase PFM
2024 function in healthy
women.
Angela C 20 young and a-tDCS:M1 / 20 2 Oral instructions  Oral instructions The number of
Ledur et al., healthy women  c-tDCS:Fp2 for sitting for sitting posture  continuous contractions
2024 posture PFMT PFMT of PFM is improved
Etemadi et al., 14 healthy a-tDCS: CZ at M1, 20 20 2 Bicycle Rectus femoris, The tDCS group of
2023 adult males F3 at left DLPFC ergometry; vastus medialis, DLPFC had a longer time
c-tDCS: above left pedal cadence vastus lateralis. to exhaustion
shoulder,
supraorbital region
on AF8
Isisetal., 2023 15 healthy a-tDCS; M1/T3 35 20 2 Cycling Right quadriceps,  Bike exhaustion time did
adults c-tDCS: Maximum abdominal not improve
contralateral Incremental muscles
supraorbital region Train (MIT)
Wang et al., 20 healthy CZ,F2,C3,C2,C4, 24 20 <2.2 MVC; maximum Biceps Triceps Right elbow flexor
2022 right-handed PZ elbow flexion endurance improvement
male college exercises
students
Vieira et al., 11 healthy a-tDCS: Left DLPFC 35 20 2 Moderate lower limb Increased repetitions of
2022 adult males intensity back muscles the back squat exercise
squat
Liang et al., 8 female a-tDCS: C2 24 20 2.2 Weighted 5 km lower limb 1.05 per cent
2022 rowers c-tDCS: C5 and C6 rowing muscles improvement in
endurance performance
from baseline
Chen et al., 13 men’s a-tDCS: CZ, C5 24 20 2 40 x 15msprint  lower limb Fatigue index decreased
2021 basketball and C6 muscles after repeated sprints
players
Sidhu S K 12 healthy a-tDCS: left motor 25 10 2 Cycling Unexercised Decreased short-interval
et al., 2021 adults cortex programme hand muscles cortical inhibition (SICI)
c-tDCS: right in remote hand muscles
supraorbital region after cycling exercise
Kristiansen 12 healthy a-tDCS: DLPFC 25 13 2 10km cycle time  lower limb Time trial results did not
et al., 2021 adults ¢-tDCS: DLPFC trial muscles improve

improved during balance board training [149,150]. Giancatarina et al.
showed an increase in balance in 18 parkour athletes after a 20 min
intervention on the motor cortex using 2 mA of tDCS [173].

Balance deficits are also an important cause of sports injuries in
athletes. FI Corréa and Aliasghar Jamebozorgi et al. used a-tDCS to
stimulate the primary motor cortex of ACL-injured athletes for 20 min,
and after one month, the displacement of the centre of pressure (COP) of
the subjects was reduced and the athletes adaptive balance improved
[174,175].

However, there are scholars who have come to the opposite
conclusion using lower stimulus intensities [176]. Forerster et al.
intervened in the right cerebellum of healthy subjects with 1 mA of
a-tDCS for 13 min and showed no change in the subjects’ static balance
(Table 4) [177].

In conclusion, the choice of stimulation program should consider the
subject’s health status and the various needs for local body posture
control when the balance ability of the elderly, neurological patients, or
disabled people is impaired. The direction of more in-depth research in
the future TES to improve the body’s balance is toward the selection of a
more optimal, precise, and safe stimulation mode.

6.4. Impact of TES on motor skill acquisition

The two main factors impacting the learning of motor skills are
human skill practice and central nervous system modulation. The
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development of creativity and intellectual potential in the human brain
has long involved a hemispheric balance hypothesis. However, recent
neuroimaging has shown that tDCS stimulation of the primary motor
cortex in the left frontal region increases the neural excitability of this
cortex and its interconnecting regions, affects NMDAR polymorphisms,
and promotes human visual, perceptual, and sensitivity abilities and
motor skill learning [178,179,180,181]. However, some researchers
have also tested the same protocol on four outstanding deaf 10-m rifle
athletes and came to the opposite conclusion [182].

A recent study employed advanced augmented reality (AR) tech-
nology integrated with transcranial direct current stimulation (tDCS) to
deliver a 20-min intervention targeting the motor cortex of 10 healthy
adult participants. The results demonstrated significant improvements
in the subjects’ folk dance learning and memory capabilities [183].
Similarly, Bisman Mangat et al. used a 1 mA a-tDCS for a 20min inter-
vention on the motor cortex of 36 healthy adult subjects, and the sub-
jects’ golf putting learning improved. Anthony W. Meek et al. A 20-min
intervention in the motor cortex of 58 healthy adult subjects using 1 mA
of a-tDCS resulted in an increase in the subjects’ ability to learn to
complete a dart-throwing task using their non-dominant hand [184]. In
the more complex Finger Tapping Task (FTT) test, Gavin Hsu et al. used
a 4 mA a-HD-tDCS for a 12-min intervention on the motor cortex of 108
healthy adult subjects, who showed increased learning ability [185]. In
addition to the healthy general population, in a task test for professional
athletes, Seung-Bo Park et al. used a 2 mA a-tDCS on 13 professional
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Table 4
Study Effect of Transcranial Direct Current Stimulation on balance.
Research Research Electrode placement Electrode Stimulus Stimulus Campaign Evaluation Findings
Literature target specifications/ duration/ intensity/ programme indicators
cm2 min mA
Xin Huanget al., 39 healthy Right anode/left / 30 2 Stand on the leftleg ~ Swing length, Only after the right
2024 young people  cathode cerebellar front and rear cerebellar cathode
stimulation, right speed or mid- tDCS is paired with the
cathode/left cathode outside speed left cerebellar anode
cerebellar tDCS, can stability be
stimulation observed
Juho Junget al., 28 middle- / / / / Balance training Swinging when The tDCS group
2024 aged people you open your showed significantly
eyes and close greater improvement
your eyes. in static and dynamic
Functional balance in terms of
stretch test and sway scores
post-intervention
investigation
Raynara 34PD a-tDCS: OZ 70 x 40 x 18 20 1.5 Balance training Pose control Posture control and
Fonseca dos patients c-tDCS: fpl, fp2 mm training balance in Parkinson’s
Santos et al., disease walkers
2024 Improvement
Glaucio 28 elderly a-tDCS:left DLPFC 25, 35 20 2 Walk 10 m on a mini-Balance Balance Improvement
Carneiro people (F3) path that contains Evaluation
Costa et al., ¢-tDCS: contralateral obstacles. Walk 10 Systems Test
2020 supraorbital m on carpets of (mini-BEST)
different
thicknesses
Aljasghar 33 ACLbreak  a-tDCS: O1 25 20 1 10 weeks of BEST Balance Improvement
Jamebozorgi, athletes ¢-tDCS:02 intermittent
et al., 2023 contraction
training for lower
limb muscles
Songlin Xiao, 30 healthy a-tDCS: Cz 3.14 20 2 Foot arches, towel Super Balance Balance Improvement
et al., 2022 adults c-tDCS: C3, C4, Fz curls, toe stretches
and Pz and squeezes and
balance board
exercises
Songlin Xiao, 36 a-tDCS:Cz 3.14 20 2 Foot Core Exercise Super Balance Balance Improvement
et al., 2022 participants c-tDCS: C3, C4, Fz (FCE)
and Pz
FI Correaet al., 28 elderly a-tDCS: left DLPFC 35 20 2 30-min walk BESTest Improved movement
2023 people c-tDCS: contralateral and balance
supraorbital region
Giancatarina, 1 8 parkour a-tDCS: FC2 25 20 2 Bipedal and Centre of Balance Improvement
et al., 2023 practice unipedal standing Pressure (CoP)
athletes Displacement

female volleyball players remembering a 20-min intervention, and the
women’s volleyball team showed improved dunking speed and consis-
tency [186].

On the other hand, some researchers have reached a different
conclusion. Harriet Caesley et al. After a 15-min intervention on the
motor cortex of 30 non-dance student participants using 1.5 mA of a-
tDCS, the subjects’ ability to learn Latin dance did not improve [187].
Laura Flix-Diez et al. After a 20-min intervention in the motor cortex of
23 participants using 1 mA of a-tDCS, subjects’ motor learning did not
improve [188].

The above findings are closely related to task difficulty [2] . target
site of stimulation [189] and current intensity [190]. Currently, tDCS for
motor skill learning is currently developing towards clinical surgical
skills 73 149 180,203 2045, learning field [191] with good results, and the
reasonable parameters of the effect of tDCS on motor learning memory
in different populations have to be further explored.

In addition to this, TACS and tRNS also affect human motor learning
ability to varying degrees [192,193,194,195,196,197]. Samantha J.
Bootha et al. showed that the effect of TACS on memory in the human
brain was not prominent. TRNS at different frequencies (high frequency,
full frequency) affected subjects’ motor learning ability differently [198,
199]. Stimulus frequency and experimental characteristics are the main
factors influencing stimulus effectiveness (Table 5) [199].
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In summary, TES has a positive effect on enhancing human intelli-
gence and creativity. However, the heterogeneity of the TES stimulus
parameters, the subjects’ ability to recognise and adapt to the task, and
the training effect of the subjects all contribute to the differences in the
test results.

6.5. The effect of TES on athletic recovery

Competitions and stressful events cause transient disturbances in
human biopsychological indicators, the main manifestation of which
takes the form of increased fatigue in the body. Physical fatigue involves
central inhibitions such as increased p power in the brain and syn-
chronization of the bilateral DLPFC [135]. Insufficient rest and recovery
time between competitions can be a significant risk factor for injury, and
TES technology focuses more on the soothing effect of the central ner-
vous system on the muscles than traditional biofeedback and neuro-
muscular electrical stimulation, and is more conducive to an athlete’s
post-competition recovery [200,201].

It has been demonstrated that tDCS can modulate cold, heat and
mechanical pain by stimulating the premotor cortex, increasing inter-
hemispheric functional connectivity, and facilitating organismal motor
recovery [202,203,204]. Moreira et al. used 2 mA of a-tDCS in two
separate 20-min interventions on the left DLPFC of professional football
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Table 5

Study Effect of Transcranial Direct Current Stimulation on Motor skill learning.

Research Literature

Research target

Electrode placement

Electrode
specifications/
cm2

Stimulus
duration/
min

Stimulus
intensity/
mA

Campaign programme

Evaluation indicators

Findings

Feng Guo et al., 2024

Hakjoo Kimet al., 2024

Gavin Hsu et al., 2023
Iris Kico,2022

Bisman Mangat,2022
Nirsan Kunaratnam,2022

Iannone et al., 2022

Milan Pantovic,2022

Anthony W. Meek,2021

Harriet Caesley et al.,
2021

Nam-Gyu Jo et al., 2021

Laura Flix-Diez et al.,
2021
Seung-Bo Park,2023

31 healthy adult
men

90 participants
108 healthy
adults

10 healthy adults
36 healthy adults
52 healthy adults
30 right-handed

healthy adults

4 outstanding
deaf 10-m rifle
athletes

58 young adults

30 non-dance
student
participants

39 healthy adults

23 participants

13 professional
female volleyball
players

a-tDCS:right M1
c-tDCS:left M1

a-tDCS: above right parietal lobe c-tDCS:

above right frontal lobe

a-tDCS: Cz zone c-tDCS: FPZ zone

a-tDCS electrode: C1 region

c-tDCS: above supraorbital region
a-tDCS: C3 region of M1 c-tDCS:
contralateral supraorbital region
a-tDCS: contralateral M1 of right FDI
muscle c-tDCS: ipsilateral supraorbital

region

a-tDCS: on left DLPFC c-tDCS: above
contralateral supraorbital region

a-tDCS: on M1 on the side opposite the
non-dominant hand c-tDCS: on the orbit
on the same side as the non-dominant

hand

a-tDCS: on C4 (unilateral stimulation)
and on C3 and C4 (bilateral stimulation)
c-tDCS: lateral part of the corresponding

a-tDCS electrode

a-tDCS: on the motor hotspot of the first
dorsal interosseous muscle (FDI) of the
non-dominant hemisphere c-tDCS: on the
contralateral supraorbital region

a-tDCS: right (C4) c-tDCS: left (C3)

Primary motor cortex (M1)

a-tDCS: CZ zone at the top of the head c-

tDCS: C5 and C6

/

40 x 40 mm

20

25

25

25

25

25

25

35

25

28.16

20

15

12

20

20

20

20

25

20

15

20

20

20

2

1.5

visual isometric pinch task

serial reaction time task (SRTT)

Finger Tapping Task (FTT)

Learning steps and learning the whole dance

with AR images

75 practice golf putting tasks

MVC for visuomotor isometric pinch tasks

Isometric pinch task approx. 40 min

Daily training tasks for athletes

Completion of dart-throwing tasks using the

non-dominant hand

12 Ballroom and Latin Dance Moves

Finger Tapping Task (FTT), Grooved
Pegboard Test (GPT), and Hand Strength

Tests

A 20-min exercise dexterity training

programme

Snap performance (snap speed and snap
consistency), two vertical jumps (jump and
reach: JaR, counter mobile jump: CMJ),
bench press and back squat 1 repetition max

(1 RM)

Overall motor skills
learning and speed-
accuracy trade-off function
One training sequence and
5 random sequences

Number of correct
sequences

Similarities to professional
dancers

Distance of the ball from
the centre of the target

40 % of the maximum MVC
value

Whether moving the cursor
between “HOME” and the
five targets is fast and
accurate

Distance of the end point of

the shot from the centre of
the target

Distance between the
centre of the bullseye and
the tip of the dart

Participants’ posture,
movement size, timing,
arms, legs and overall
performance ability

Hand movement accuracy
and reaction time

Dexterity and sensitivity of
hand movements

Bushnell Velocity Speed
Gun Within 16cm2 of the
target area.

Finger motor skills
enhancement

The trajectory of skills
development has not
changed

Finger tapping task
learning enhancement
Dance learning
memory enhancement
Motor learning
enhancement
Increased ability to
acquire motor skills
Motor skills retention
capacity enhancement

Elite deaflympics
athletes’ rifle shooting
scores not improving
Increased ability to
learn in a single
training task

Dance ability hasn’t
improved

Finger Tapping
Training (FTT)motor
skills learning
enhancement

No impact on motor
learning

Increased snap speed
and snap consistency

‘D 32 Subpm T

$S0Z01 (SZ0T) & s1oday sosAydorg pup Lasuuayoorg
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players of different genders in two separate tests. The results of the study
showed that the use of tDCS in combination with a recovery training
session improved the athletes’ perceptual aspects of relaxation and
parasympathetic autonomic markers (PAMs) in the post-game, facili-
tated the recovery of the organism from post-game fatigue, and that the
recovery effect exceeded the level of improvement after the recovery
training session only (Table 6) [205,206].

On the other hand, some researchers have reached a different
conclusion [207,208]. Fernando et al. concluded that tDCS enhances
cycling and running task-enhancing endurance, but has no effect on
variables such as HR response, RPE, and exercise-induced muscle pain
[209].

7. Future perspectives

7.1. Further exploration of stimulation parameters and post-induction
effects of TES

Recent studies have demonstrated that Transcranial Electrical
Stimulation (TES) can significantly enhance brain activity associated
with specific neurotransmitter systems and metabolic processes. How-
ever, significant heterogeneity has been observed across studies
regarding key parameters, including current intensity/density, behav-
ioral paradigms, and participant states (exercise versus rest). Conse-
quently, future research should prioritize the precise optimization of

Table 6
Study Effect of Transcranial Direct Current Stimulation on Sports recovery.
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stimulation parameters.

Caution is warranted when applying TES before or during physical
exercise, as variations in exercise modalities and stimulation parameters
may lead to inconsistent outcomes. Future investigations should focus
on elucidating the mechanisms underlying TES-induced effects, partic-
ularly its potential for effect regeneration. Additionally, research should
emphasize long-term outcomes, including the duration of stimulation
effects, their impact on previously unexplored exercise-related out-
comes, and potential safety considerations.

7.2. Enhanced spatial precision of TES stimulation mode, position,
intensity and electrode size

Currently, research on Transcranial Electrical Stimulation (TES) re-
mains in the preliminary exploration stage. Its notable advantages,
including painlessness, non-invasiveness, focal precision, and revers-
ibility, offer significant potential for targeted modulation of neural ac-
tivity in future applications. However, limitations such as the large
electrode area persist and require further investigation. In sports disci-
plines demanding high levels of concentration, such as shooting, or
those requiring exceptional spatial perception, such as gymnastics and
diving, the effects of TES on athletic performance metrics could be
further elucidated through more precise stimulation protocols.

Research Research Electrode Electrode Stimulus Stimulus Campaign Evaluation Exercise Recovery effect
Literature target placement specifications/ duration/ intensity/ programme indicators
cm? min mA

Jader Vinicius 27 football a-tDCS:M1 48 15 2 reverse lunge, Visual Pain Scale The subjective scale did
Da Silva players c-tDCS:inion walking holding (VAS) and not improve.

Rocha et al., the knee Subjective
2024 unilaterally, Recovery Scale

isometric squat (SRS)
with arms

extended in front,

low and medium

skipping.

Tatlana 20 restlers a-tDCS:prefrontal 35 30 2 Mixed Martial Arts ~ Heart rate Psychophysiological
selitrenikova cortex (MMA) sports variability (HRV) stability and technical
et al., 2022 c-tDCS:right programme and tactical readiness

supraorbital enhancement in MMA
region athletes

Alexandre 12 male a-tDCS:bilateral 35 20 2 After the official Heart rate (HR) Exercise Recovery
Moreira professional DLEFC (F3 and game Well-Being Enhancement
et al., 2021 football F4) Questionnaire

players c-tDCS: (WBQ) Sub-polar
contralateral Running Test (SRT)
supraorbital
region

Jonathan 30 student- a-tDCS: FPz 35 20 2 Sleep after exercise  Pittsburgh Sleep PVT mean reaction time
Charest athletes c-tDCS: Pz Quality Index are shortened and
et al., 2021 (PSQI) Epworth recovery is enhanced

Sleepiness Scale
(ESS) Michele Sleep
Scoring System

Mohammad 84 elite a-tDCS electrodes: 1 20 1.5 Sleep after exercise ~ A-Sleep Monitoring  Increased resilience
Etoom et al., athletes bilateral DLPFC Acti Graph
2022 (F3 and F4) c-

tDCS; bilateral
supraorbital
regions FP 1 and
FP 2)

Qingchang Wu 90 healthy a-tDCS: central 45, 25 15 1.5 1500 m and 400 m  Heart rate Delayed fatigue and
et al., 2022 male students  supraorbital track and field variability increased recovery

region of frontal training frequency domain
lobe index high

c-tDCS: vicinity of
right and left ear
mastoids

frequency (HF)
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7.3. Combined EEG/MEG/fMRI/fNIR to observe the effect of TES on
neural activity in the brain

The mechanisms underlying Transcranial Electrical Stimulation
(TES) are highly dependent on stimulation parameters, which has led to
inconsistent findings across motor performance studies. Additionally,
there is limited awareness of its potential effects among researchers and
practitioners. To address these challenges, a more systematic approach
to controlling TES stimulation parameters and investigating its neuro-
physiological mechanisms is essential to establish a robust theoretical
foundation for enhancing motor performance. For instance, multimodal
neurofunctional imaging techniques—such as electroencephalography
(EEG), magnetoencephalography (MEG), functional magnetic resonance
imaging (fMRI), and functional near-infrared spectroscopy (fNIRS)—
could be employed to elucidate these mechanisms. Ultimately, the
integration of electrical stimulation with advanced brain measurement
technologies, combining electrodes, optical systems, and sensors, holds
promise for achieving innovative stimulation outcomes.

7.4. Enhancing TES research in the area of sports performance

Transcranial Electrical Stimulation (TES) has been predominantly
applied in clinical rehabilitation settings, particularly for psychiatric
disorders, brain injury recovery, sensory restoration, emotional regula-
tion, and cognitive enhancement. However, research on its application
for performance enhancement in healthy elite athletes remains limited.
Notably, professional athletes exhibit distinct physiological character-
istics, including differences in cardiovascular, respiratory, and athletic
performance metrics, compared to the general healthy population.
Future research should focus on optimizing TES intervention parame-
ters, including precise cortical targeting and dosage determination for
athletes. Additionally, there is a need to develop a comprehensive
stimulation index system tailored to professional athletes and to further
validate the efficacy of TES in improving key athletic performance
metrics, such as muscle strength, endurance, and balance.

8. Summary

Transcranial Electrical Stimulation (TES) represents a significant
advancement in neuromodulation technology, primarily employed in
clinical rehabilitation for psychiatric disorders, brain injury recovery,
sensory restoration, emotional regulation, and cognitive enhancement.
The increasing global emphasis on athletic performance enhancement,
particularly in the context of international sports competitions such as
the Olympic Games, has led to the recent integration of TES technology
into sports science applications. Current research identifies three prin-
cipal TES modalities: transcranial direct current stimulation (tDCS),
transcranial alternating current stimulation (tACS), and transcranial
random noise stimulation (tRNS). Empirical studies have demonstrated
the efficacy of these modalities in enhancing various athletic perfor-
mance metrics, including muscular strength, endurance, motor skill
acquisition, balance control, and post-exercise recovery. TES techniques
have been shown to be safe and effective within reasonable parameters
(current intensity <4 mA and stimulation time <40 min). Common
adverse effects include mild tingling under the electrodes, transient
headache, or skin redness, which are usually relieved by saline supple-
mentation and rest. tACS and tRNS, whose current intensity is usually
controlled at 1-2 mA, have been clinically validated for safety, and
serious adverse events are rare. To ensure safety, subjects need to be
strictly screened (e.g., exclude epileptic patients or those with intra-
cranial metal implants, etc.), and current density and impedance need to
be monitored in real time to avoid skin lesions and abnormal neural
activity. Overall, the TES technique has a high safety profile under
standardized practice.

Given the current challenges and research needs, it is essential to
integrate transcranial electrical stimulation (TES) technology with
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multimodal neurofunctional imaging techniques, such as electroen-
cephalography (EEG), magnetoencephalography (MEG), functional
magnetic resonance imaging (fMRI), and functional near-infrared
spectroscopy (fNIRS). These techniques enable simultaneous electrical
stimulation and real-time monitoring of brain perfusion, combining
electrodes, optical systems, and sensors to achieve innovative thera-
peutic outcomes. Furthermore, the development of flexible, multimodal
micro-scale electrical stimulators represents a promising direction to
address the limitations of conventional stimulators, including their
bulky design and operational complexity.

In summary, TES represents a potent and efficient technology for
real-time modulation of brain physiology and motor performance. With
advancements in multimodal neuroimaging, materials engineering, and
precise stimulation targeting, TES is poised to enter a new era of
enhancing human motor capabilities. Looking ahead, this technology
holds significant potential for the development of advanced micro-scale
implantable electrical stimulation devices in clinical medicine. Such
innovations could enable patients with motor disabilities to regain
functional mobility and perform essential activities of daily living.
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