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Tyilinzeme

HeiipooHanTty canachlHIarbl 3aMaHayH FBUIBIM MEH TEXHHKAHBIH KapKbIHIbI JJaMybIHBIH apKaChIH/Ia
OHAJITY HOTIDKEJIEPIH alTapbIKTal KaKcapTaThIH KOITEreH HHHOBAIMAIBIK SicTep naiaa 6oiasl. by momy
Mu-komnblotTep uHTepdeiictepin (BCl) ¢yHkumonanapl s>nexTpiik biHTananapipymer (FES) Oipiktipyre,
BUPTyaipl IIBIHABIKTEIH (VR) KekeneHAipiireH OHANTyJarbl peJiHe, HEUWPOHABIK KaiTta Kypyna
9K30CKENIETTIK POOOTTap bl KOJIaHyFa jKoHE yKacaH bl MHTEIUIEKTTi KonpaHateiH BCI TexHoIorHsAnapeiMeH
KaTap WHBa3WBTI eMeC HEHPOMOIYJIALIS 9icTepiH a3ipieyre OarbiTTanraH. COHBIMEH Katap, 013 Kerraiinarsl
BCI canachkIHbIH KYPBUIBIMBIH JKOHE QJIEMJIIK HapBIKTAFbl ©CIM Kelle )KaTKaH CYpaHBICTHI KOCa ajiFaH/a, OCHI
JKETICTIKTepre casicl KOJIIay MEH OHEpKOCINTIK OHAipic JWHAMHUKACBIHBIH ocepiH 3eprreiiMi3. CoHFBI
3epTTeyNepliH HOTIDKENEpiH JXKOHE OJIapibl KOJJaHy MBICAJIApBIH Kyieni Tamjgay Herisime 0i3 Oy
TEXHOJOTHSIAPBIH JKYHKe >KYHeciH KajmblHa KeNTipyre >KoHe IalMeHTTepAiH eMip Ccypy camachlH
JKakcapTyFa Kallail BIKIMajl eTeTiHIH 3epTTelMI3 JKOHE OCHl calanarbl OoJialllak JaMy TEeHICHIMSIIApbIH
O0IDKaMBI3.

Tyiiin  ce3mep: He#pooHaNTy, MHU-KOMIBIOTep HHTep(deiici, (QYHKIMOHAIABI — AIEKTPIIK
BIHTAJIAH/BIPY, BUPTYaJAbI MIBIHABIK, 9K30CKENIETTIK poOOTTap, MHBA3UBTI eMeC HEHPOMOMY AN, KacaH bl
HMHTEIUICKT, OHEPKACINTIK Jamy.
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Pesrome

Bbraronmapst ObICTpOMY Pa3BUTHIO COBPEMEHHOW HAYKHM M TEXHUKH B O0JIACTH HEHpOpeaOwmInTaIuu
MOSIBUWJIOCH MHOXECTBO HHHOBAIIMOHHBIX METOAMK, KOTOpblEe 3HAYUTEIbHO YIYyYILAIOT pPe3yJIbTaThl
peabmmramuu.  OTOT 0030p TOCBAIIEH wWHTerpanuu uHTEpdeiicoB  mosr-kommeiotep (BCI) ¢
¢yHKIMOHABEHON dnekTprdeckoit crumymsimuedd (FES), pomm BuptyamsHO#t peamsHoctH (VR) B
MEPCOHANN3UPOBAHHON  peaOWIMTanuy,  TPUMEHCHHIO  POOOTOB-OK30CKENCTOB B HEUPOHHOM
PEMOENPOBAHIH M pa3paboTKe HEMHBA3UBHBIX METOIOB HEMPOMOAYIAUY Hapsay ¢ Texnonormimu BCI ¢
WCTIOJIE30BAHAEM HCKYCCTBEHHOTO HHTEIDIEKTa. KpoMe TOro, MBI H3ydaeM BIUSHHE ITOJIUTHYECKOU
TMOICPKKU M JHHAMHKH TPOMBIIUICHHOTO MPOU3BOCTBA HA ATU IOCTIDKEHHUS, BKIIIOYAsI CTPYKTYPY OTPACIIH
BCI B Kutae u pactymuii cnpoc Ha MUPOBOM pbhIHKE. Ha OCHOBE CHCTEMaTHYECKOTO aHalin3a pe3yJbTaToB
MOCTICTHHUX HUCCIICIOBAHMI M IPUMEPOB X NPUMEHEHHUS MBI HCCIICAYyEeM, KaK 3T TEXHOJIOTHU CIIOCOOCTBYIOT
BOCCTaHOBJICHHIO HEPBHOW CHCTEMBI M YJIYUIIAlOT KA4eCTBO JKM3HU MAIMEHTOB, a TAaKKe MPOTHO3UPYEM
Oyaylive TeHISHIMH Pa3BUTHS B DTOH 00JIacTH.

KioueBble cioBa: HelipopeaOuiuTanms, HWHTep(EHC MO3r-KOMIbIOTEp, (QYHKIIMOHAIBHAS
QJICKTPOCTUMYJIAALUA, BUPTYyaJibHasd PCaJIbHOCTD, pO6OTLI-3KSOCKe.]'IeTI)I, HEHUHBa3UBHAas HeﬁpOMOJIyHSIHPIH,
HCKyCCTBeHHLIﬁ HWHTEJUICKT, IPOMBIIIJICHHOC Pa3BUTHUC.
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Abstract

With the rapid advancement of modern science and technology, the field of neurorehabilitation has
witnessed a surge of innovative techniques that significantly enhance rehabilitation outcomes. This review
focuses on the integration of brain-computer interfaces (BCI) with functional electrical stimulation (FES), the
role of virtual reality (VR) in personalized rehabilitation, the application of exoskeleton robots in neural
remodeling, and the development of non-invasive neuromodulation techniques alongside Al-assisted BCI
technologies. Additionally, we examine the influence of policy support and industrial dynamics on these
advancements, including the layout of the BCI industry in China and the increasing global market demand.
Through a systematic analysis of the latest research findings and application cases, we explore how these
technologies facilitate neural recovery and improve patients’ quality of life while also forecasting future
development trends in the field.
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Introduction

Neurorehabilitation stands at the intersection of neuroscience and rehabilitation medicine, aiming to
restore and reshape neurological functions through various technological interventions. The field has gained
momentum in recent years, driven by advancements in understanding neuroplasticity and the development of
innovative rehabilitation technologies. Emerging evidence indicates that neuroplasticity, the ability of the
nervous system to reorganize by forming new neural connections, plays a pivotal role in structural and
functional recovery post-injury [1]. Traditional rehabilitation methods often fall short in addressing the
individual needs of patients, which can lead to suboptimal outcomes. As a response, the integration of emerging
technologies has opened new avenues for personalized rehabilitation approaches that not only enhance
functional recovery but also improve the overall quality of life for patients [2].

The rapid evolution of technologies such as brain-computer interfaces (BCls), virtual reality (VR),
robotics, and artificial intelligence (Al) has heralded a new era in neurorehabilitation. BClIs, for instance, have
demonstrated potential in decoding neural signals and providing real-time feedback, which can significantly
enhance neuroplasticity and facilitate motor and cognitive recovery post-stroke [3]. Similarly, VR technology
has emerged as a transformative tool, allowing for immersive therapeutic experiences that engage patients in
novel ways, promoting both motor and cognitive rehabilitation [4]. Robotics and Al-driven systems are also
making strides by providing adaptive assistance tailored to individual patient needs, thereby improving the
effectiveness of rehabilitation interventions [5]. The convergence of these technologies not only enhances the
therapeutic landscape but also introduces challenges, such as the need for clinical validation and the integration
of these systems into existing healthcare frameworks [6].
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Purpose of the study

The purpose of this review is to systematically examine the emerging integration of advanced
technologies within neurorehabilitation and to assess their collective impact on functional recovery in
neurological disorders. We aim to synthesize recent developments in brain—computer interface (BCI) coupled
with functional electrical stimulation (FES), virtual reality (VR) and serious game-based interventions,
exoskeleton robotics, non-invasive neuromodulation techniques, and Al-enhanced systems. Furthermore, this
review discusses how policy initiatives and industrial growth—such as national strategic support in China and
expanding global markets—accelerate the translation of technological innovations into clinical and
commercial domains. By integrating technological advances with patient-centered rehabilitation needs, this
study ultimately aims to identify current challenges, evaluate efficacy, and propose future directions for
research and practice in next-generation neurorehabilitation.

1. Integration of Brain-Computer Interface (BCI) and Functional Electrical Stimulation (FES)

1.1 Design and Application of the Tele BCI-FES System

The Tele BCI-FES system, developed by the University of Sheffield, represents a significant
advancement in the integration of brain-computer interface (BCI) technology with functional electrical
stimulation (FES) for the rehabilitation of upper limb function in stroke survivors. Research shows that after
intervention, participants exhibited an average improvement of 3.83 points in their FMA-UE scores following
a series of Tele BCI-FES sessions, which approaches the minimal clinically important difference of 4.25 points,
and the patient retention rate was as high as 87.5% [7]. Such findings underscore the potential of this system
to not only facilitate rehabilitation but also to improve patient adherence and engagement in their recovery
process.

Moreover, BCI has been noted for its high participant retention and recruitment rates, demonstrating
its feasibility as a telerchabilitation solution. BCI rehabilitation training can further improve upper limb motor
function based on traditional rehabilitation training in patients with ischemic stroke [8]. The ability to provide
remote support ensures that patients receive guidance and encouragement throughout their rehabilitation
journey, which is crucial for maintaining motivation and compliance. Overall, the Tele BCI-FES system
exemplifies a promising approach to neurorehabilitation, combining cutting-edge technology with patient-
centered care to enhance recovery outcomes for individuals with upper limb impairments following stroke.

1.2 Closed-Loop Feedback Mechanisms Promote Neural Plasticity

Closed-loop feedback mechanisms play a pivotal role in enhancing neural plasticity, particularly in
the context of neurological rehabilitation. The integration of multimodal feedback, encompassing visual and
haptic stimuli, has been shown to activate the mirror neuron network, which is crucial for motor learning and
rehabilitation. This activation is particularly beneficial for patients recovering from motor impairments, such
as those resulting from chronic stroke [9]. For instance, studies have demonstrated that multimodal feedback
can significantly enhance the reorganization of the motor cortex, thereby improving the motor control
capabilities of stroke patients. This multisensory approach not only reinforces the neural connections involved
in motor tasks but also facilitates the brain’s ability to adapt and reorganize itself in response to training, a
phenomenon known as neural plasticity.

Furthermore, the neurophysiological basis for the effectiveness of feedback mechanisms in
rehabilitation is rooted in their ability to enhance cortico-muscular coherence. Studies have demonstrated that
auditory and visual feedback can significantly reduce movement errors and improve motor performance by
optimizing the communication between the brain and muscles [10]. This synchronization is crucial for
establishing a robust sensorimotor loop, which is essential for effective motor control and rehabilitation.

Moreover, the role of feedback mechanisms extends beyond motor performance to encompass
cognitive and emotional aspects of rehabilitation. The interplay between cognitive processes and motor control
is particularly evident in the context of neurofeedback training, where individuals learn to modulate their brain
activity to enhance motor function. This approach not only promotes neural plasticity but also addresses
emotional and cognitive deficits often associated with stroke recovery [11].

In conclusion, by leveraging multimodal feedback strategies, rehabilitation protocols can effectively
engage the brain’s adaptive capabilities, leading to improved motor control and functional recovery. The
ongoing exploration of these feedback mechanisms will undoubtedly contribute to the development of more
effective and personalized rehabilitation interventions in the field of neurorehabilitation.

2. Virtual Reality (VR) and Serious Games for Personalized Rehabilitation

2.1 Clinical Effects of Home-Based VR Rehabilitation Systems

The integration of virtual reality (VR) technology into rehabilitation practices has shown promising
clinical outcomes, particularly in home-based settings. A notable example is the application of the RAPAEL
Smart Glove, developed by Juntendo University in Japan, which combines VR training with occupational
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therapy [12]. This innovative approach specifically targets upper limb rehabilitation for chronic stroke patients,
demonstrating significant improvements in motor function compared to traditional rehabilitation methods.
Studies have indicated that patients using the RAPAEL Smart Glove experience enhanced upper limb
functionality, with improvements observed in activities of daily living and overall physical performance. For
instance, a clinical trial involving stroke patients revealed that up to 62% of participants exhibited enhanced
physical activity levels post-intervention, with notable gains in daily living activities and affective functions
[13].

Furthermore, the home-based rehabilitation model significantly reduces dependence on healthcare
resources, allowing patients to engage in therapy at their convenience and pace. This increased accessibility
fosters higher patient participation and adherence to rehabilitation protocols, which are often challenging in
traditional clinical settings. The combination of immersive VR experiences with occupational therapy
principles appears to create a more engaging and effective rehabilitation environment, which is particularly
beneficial for stroke survivors who may struggle with conventional therapy approaches.

2.2 Dynamic Difficulty Adjustment (DDA) System’s Intelligent Adaptation Mechanism

The ROBiIGAME, developed at KU Leuven in Belgium, exemplifies the innovative use of artificial
intelligence (Al) in dynamic difficulty adjustment (DDA) systems within the realm of neurorehabilitation. This
robot-assisted therapy integrates serious gaming to provide a unique platform for enhancing upper limb
recovery in stroke patients. The DDA mechanism is pivotal in this context, as it allows for real-time
adjustments to the task difficulty based on the patient’s performance metrics, specifically their Fugl-Meyer
Assessment for Upper Extremity (FMA-UE) scores. This individualized approach ensures that the
rehabilitation tasks remain challenging yet achievable, promoting sustained engagement and motivation among
patients. The ability of ROBiIGAME to adapt task difficulty dynamically-within approximately thirty minutes
of gameplay-has been clinically validated, demonstrating a strong correlation between the task difficulty
parameters and the patients’ motor and attentional impairments. For instance, the study found a significant
relationship between the adjusted difficulty levels and the FMA-UE scores, with a correlation coefficient of r
= 0.84 (p < 0.05) indicating that the system effectively tailors the rehabilitation experience to match each
patient’s unique capabilities and needs [14].

The intelligent adaptation mechanisms embedded within the DDA system of the ROBiGAME
represent a significant advancement in the field of neurorehabilitation. By leveraging Al algorithms to assess
and adjust task difficulty in real-time, this innovative approach not only personalizes the rehabilitation
experience but also maximizes patient motivation and training efficiency. The clinical validation of the DDA
mechanism highlights its potential for broader application in rehabilitation settings, suggesting that similar
adaptive systems could be integrated into various therapeutic modalities to enhance patient outcomes across
different neurological conditions. As the field continues to evolve, the integration of such technologies may
pave the way for more effective, individualized rehabilitation strategies that harness the power of Al to
optimize recovery processes.

3. Exoskeleton Robots and Neural Remodeling

3.1 Application of Single-Limb Exoskeleton Robots in Gait Rehabilitation

The use of single-limb exoskeleton robots, such as the Angele LiteStepper, has emerged as a promising
approach in the rehabilitation of patients with gait impairments, particularly following neurological injuries
like stroke. The efficacy of this approach was highlighted in a study where a four-week training program using
the LiteStepper resulted in significant improvements in balance and gait parameters among subacute stroke
patients, as evidenced by enhanced scores on the Berg Balance Scale (BBS) and other gait metrics [14]. These
findings underscore the potential of exoskeleton-assisted rehabilitation to not only facilitate movement but also
to enhance overall stability and mobility in individuals with compromised gait function.

Further supporting the effectiveness of such interventions, research monitoring demonstrated
increased activation in the affected motor cortex during the use of the LiteStepper [15]. This
neurophysiological evidence suggests that the exoskeleton not only aids in physical rehabilitation but also
stimulates neural pathways associated with motor control, potentially leading to neuroplastic changes that
enhance recovery. The ability of the exoskeleton to engage the motor cortex indicates its role in promoting
adaptive responses in the brain, which is crucial for recovery after a stroke. In conclusion, the integration of
robotic assistance with neurophysiological monitoring and personalized feedback mechanisms offers a
comprehensive approach to rehabilitation that addresses both the physical and psychological aspects of
recovery.

3.2 Improved Robot-Object Interaction Technology Enhances Upper Limb Function

The integration of advanced technologies in neurorehabilitation has led to significant advancements
in the field, particularly in enhancing upper limb function through improved robot-object interaction. A notable
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example is the collaboration between the University of Toronto and the development of the 3D-printed TRI-
HFT (Toronto Rehabilitation Institute - Hand Function Test) objects, which have been designed to work
seamlessly with robotic arms [16]. This innovative approach has demonstrated a high success rate in grasping
tasks, which is crucial for rehabilitation post-stroke or other neurological impairments. The TRI-HFT objects
are specifically engineered to provide a realistic interaction experience, thereby enhancing the training
environment for patients. By utilizing these objects in conjunction with robotic arms, therapists can create a
more engaging and effective rehabilitation process that mimics real-world interactions. This not only aids in
the physical recovery of patients but also addresses the psychological aspects of rehabilitation, as patients feel
more connected to their tasks when they involve tangible objects they can manipulate. The advancements in
robot-object interaction technology represent a promising frontier in the field of neurorehabilitation. By
enhancing the realism of rehabilitation tasks and promoting active engagement, these technologies not only
improve upper limb function but also foster a more holistic approach to recovery.

4. Non-invasive Neural Modulation Techniques

4.1 Innovative Applications of Tongue Stimulation Combined with AI-BCI

The development of non-invasive brain-computer interface (BCI) technology by Helius Medical’s
subsidiary, Revelation Neuro, represents a significant advancement in the field of neurorehabilitation. This
innovative approach utilizes tongue stimulation as a means to modulate brain activity, thereby facilitating
improvements in motor function recovery. The underlying principle of this technology is based on the ability
to stimulate peripheral nerves in the tongue, which can influence central nervous system pathways associated
with motor control and cognitive functions. By integrating artificial intelligence algorithms, the system can
adaptively respond to the user’s neural signals, optimizing the therapeutic effects of the stimulation in real-
time. This dynamic interaction not only enhances the efficacy of rehabilitation protocols but also personalizes
treatment plans according to the individual needs of patients, particularly those recovering from conditions
such as stroke or traumatic brain injury. The innovative application of tongue stimulation combined with Al-
BCI technology holds significant promise for advancing neurorehabilitation. Its ability to modulate brain
activity in a non-invasive manner opens new avenues for improving motor and cognitive functions in patients
with neurological impairments.

4.2 Clinical Research on Cerebellar Theta Rhythm Stimulation (iTBS)

Cerebellar intermittent theta burst stimulation (iTBS) has emerged as a promising intervention in
neurorchabilitation, particularly in enhancing balance and motor function in stroke patients. A pivotal study
conducted at Sichuan University West China Hospital demonstrated that the combination of iTBS with
physical therapy significantly improved the balance and motor capabilities of stroke patients compared to those
undergoing physical therapy alone [17]. This study involved a controlled trial where participants received
either iTBS or sham stimulation before engaging in a structured physical therapy program. The results
indicated that those receiving iTBS exhibited marked improvements in various functional assessments,
including the Tinetti Balance and Gait scale, underscoring the potential of iTBS as an adjunct to conventional
rehabilitation protocols. The ability of iTBS to facilitate motor learning processes, both implicit and explicit,
further supports its application in rehabilitation settings, particularly for patients recovering from strokes where
motor function is compromised.

5. Policy Support and Industry Dynamics

5.1 China’s BCI Industry Layout and Development Planning

The development of the brain-computer interface (BCI) technology in China is rapidly evolving, with
ambitious goals set for the future, particularly in Sichuan Province. By 2030, the province aims to conduct
3,000 invasive BCI surgeries annually, with a target of expanding the technology’s reach to 20,000 users. This
initiative reflects a broader commitment to enhance the quality of life for individuals with physical disabilities
through advanced neurotechnological solutions. The increasing prevalence of stroke and other neurological
disorders has necessitated such ambitious targets, as BCI technology has shown promise in improving
rehabilitation outcomes and restoring lost functionalities [18]. The government’s proactive stance in promoting
BCI technology is evident in its strategic planning and policy frameworks aimed at facilitating the
commercialization of neurorehabilitation technologies. Such policies are crucial for bridging the gap between
research and clinical application, enabling smoother transitions from laboratory innovations to real-world
implementations. As the country continues to advance its capabilities in neurorchabilitation, it is likely to see
increased collaboration with international partners, further enhancing its research output and clinical
applications. The ongoing evolution of BCI technology holds great potential for transforming the landscape of
neurological rehabilitation, ultimately improving the quality of life for countless individuals affected by
neurological disorders.
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5.2 Global BCI Market Growth Trend Analysis

The global brain-computer interface (BCI) market is poised for substantial growth. This anticipated
growth can be attributed to the increasing demand for innovative neurotechnologies that facilitate direct
communication between the brain and external devices. The rising prevalence of neurological disorders,
coupled with the growing interest in neurorehabilitation and assistive technologies, is driving investment in
BCI research and development. Furthermore, advancements in machine learning algorithms and signal
processing techniques are enhancing the efficacy of BCI systems, making them more accessible and user-
friendly for a broader audience. As the technology matures, it is expected to transition from niche applications
to mainstream use, similar to the trajectory observed in personal computing. This evolution is likely to create
a competitive landscape, encouraging more players to enter the market and further accelerate innovation in
BCI technologies.

Market demand is a critical driver of technological innovation and diversification in the BCI sector.
As awareness of the potential applications of BCI technology increases, so does the interest from various
industries looking to integrate these systems into their operations. This cross-industry interest is fostering
collaborations between tech companies, healthcare providers, and academic institutions, leading to a more
robust ecosystem for BCI development. Furthermore, as the technology becomes more refined and cost-
effective, it is expected to penetrate consumer markets, enabling applications in everyday life. The ongoing
research into non-invasive BCI systems is particularly promising, as it aims to create user-friendly devices that
can be easily adopted by the general public, thereby broadening the market reach and application scope of BCI
technologies.

In summary, the global BCI market is on an upward trajectory, characterized by significant growth
projections and increasing demand across various sectors. The convergence of technological advancements,
supportive government policies, and cross-industry collaborations is expected to drive further innovation and
application of BCI technologies, ultimately transforming the landscape of human-computer interaction and
neurorehabilitation.

Conclusions

In conclusion, the integration of emerging technologies such as Brain-Computer Interface (BCI)
combined with Functional Electrical Stimulation (FES), personalized Virtual Reality (VR) rehabilitation,
exoskeleton robotics, and non-invasive neuromodulation is catalyzing a transformative shift in the field of
neurorchabilitation. These innovations are not merely incremental improvements; they represent a qualitative
leap that is reshaping how we approach recovery from neurological impairments.

Looking ahead, it is imperative that we focus on several key areas to maximize the impact of these
emerging technologies. First, ongoing optimization of the technologies themselves is essential. This includes
refining their efficacy, usability, and safety to ensure they meet the diverse needs of patients. Second, long-
term efficacy studies are crucial to validate the benefits of these interventions beyond initial recovery phases.
Such research will help establish evidence-based guidelines that can inform clinical practice and reassure
stakeholders of the value of these approaches.
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