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Summary

The use of hybrid systems in neurorehabilitation represents a signifi-
cant advancement in the field, integrating multiple technological and
therapeutic approaches to enhance recovery outcomes for patients
with neurological impairments. Recent technological advancements
have given rise to hybrid neurorehabilitation systems - integrative
platforms that combine biological signals with artificial intelligence
to deliver more effective, personalized rehabilitation. This multifac-
eted approach addresses the complex nature of neural damage and
plasticity, offering personalized and adaptive rehabilitation protocols.
Hybrid systems in neurorehabilitation commonly integrate modali-
ties such as brain-computer interfaces, robotics, functional electrical
stimulation and virtual reality. These systems leverage multimodal
sensory feedback and advanced control algorithms to promote neu-
roplasticity, functional reorganization, and motor relearning by ac-
tively involving the patient’s neural and muscular activity in real-time
therapeutic interventions. Clinical studies have demonstrated that
hybrid systems can improve motor functions in stroke survivors, spi-
nal cord injury patients, and individuals with neurodegenerative dis-
eases more effectively than conventional rehabilitation alone. These
systems offer quantifiable performance metrics, allowing clinicians to
tailor interventions and monitor progress objectively.

Furthermore, the technology enables intensive, repetitive, and
task-specific practice, which are critical factors in neural recovery.
Overall, hybrid systems in neurorehabilitation exemplify the conver-
gence of neuroscience, engineering, and clinical therapy, resulting in
innovative solutions that maximize functional recovery. Future devel-
opments will likely focus on increasing system accessibility, optimiz-
ing user interfaces, and integrating machine learning algorithms to
refine adaptive rehabilitation strategies further.
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INTRODUCTION

Neurorehabilitation is a rapidly evolving field aiming to
restore and enhance motor and functional abilities in
individuals affected by neurological conditions such as
stroke, spinal cord injury, and other motor impairments.
Traditional rehabilitation approaches, while effective to
some extent, often face limitations in terms of patient
engagement, intensity, and adaptability to individual
needs. Recently, hybrid systems that integrate multi-
ple advanced technologies have emerged as a promising
frontier in neurorehabilitation. Hybrid systems refer to
integrated technological frameworks that synergistically
combine at least two modalities, such as brain-computer
interface (BCI), robotics, functional electrical stimula-
tion (FES), and virtual reality (VR), or advanced BCls
employing multiple EEG-based biosignals. Hybrid neu-
rorehabilitation systems leverage the complementary
strengths of different technologies to maximize patient
outcomes. For example, the integration of brain-comput-
er interfaces further enhances these systems by allowing
patients to actively initiate and control rehabilitation ex-
ercises even with impaired voluntary motor control (1).
The combination of robotic exoskeletons or end-effector
devices with FES enables active muscle engagement and
functional movement restoration, which surpasses pas-
sive movement guidance (2). This multimodal approach
supports neuroplasticity and motor (re)learning, which
are critical for meaningful recovery (3-5).

The clinical goal of hybrid systems is to provide per-
sonalized, adaptive therapy that evolves according to the
patient’s residual motor function and progress through-
out rehabilitation. Such systems aim to improve not only
the speed but also the quality and durability of recovery.
Hybrid systems have been applied in upper and lower
limb rehabilitation, particularly after stroke and spinal
cord injury, showing promising improvements in motor
function and patient outcomes (1-4). As research and
technology continue to advance, hybrid neurorehabilita-
tion devices offer new hope for restoring independence
and quality of life in patients with neurological impair-
ments.

This narrative review aims to present a comprehensive
overview of the current state of hybrid neurorehabilita-
tion systems, discussing their components, mechanisms,
therapeutic targets, and clinical efficacy. Additionally, it
highlights ongoing challenges and future directions in
the development and implementation of these innova-
tive neurorehabilitation solutions. It also sets the context
for understanding how hybrid systems are transforming
neurorehabilitation by combining biological and artifi-
cial elements to overcome the limitations of conventional
therapies.

METHODS

A systematic literature search was conducted across
multiple electronic databases: PubMed Central (PMC),
PubMed, and Google Scholar to identify relevant peer-re-
viewed articles and reviews published from January 2014
to October 2025. The search strategy employed com-
binations of key terms including “neurorehabilitation,”
“hybrid systems,” “brain-computer interface,” “func-
tional electrical stimulation,” “robotics,” “virtual reality,”
“closed-loop,” “telerehabilitation,” and “motor recovery.”

Inclusion criteria encompassed English-language
studies and reviews focusing on hybrid neurorehabili-
tation interventions integrating two or more assistive
modalities aimed at neurological function restoration in
humans or relevant animal models. Studies addressing
single-mode therapies or non-hybrid systems were ex-
cluded. Screening based on titles, abstracts, and full texts
enabled the identification of pertinent works. Data were
synthesized qualitatively into thematic sections concern-
ing different hybrid modalities, mechanisms, clinical out-
comes, and implementation challenges.

» «

HYBRID BRAIN-COMPUTER INTERFACE (BCl)
SYSTEMS IN NEUROREHABILITATION

Brain-Computer Interfaces (BCIs) are systems that en-
able direct communication between the brain and ex-
ternal devices, bypassing impaired neural circuits. They
decode brain signals obtained via electroencephalog-
raphy (EEG) or invasive recording techniques, such as
electrocorticography (ECoG), to control neuroprosthet-
ics, robotics, or functional electrical stimulation (FES)
systems. Though BCIs have evolved greatly since their
inception in the 1960s, single-modality BCls, especially
EEG-based, face significant challenges including low sig-
nal-to-noise ratio, susceptibility to artifacts, and limited
degrees of freedom.

Rationale for Hybrid BCls

To overcome these limitations, hybrid BCIs (hBCls)
synergize multiple biosignals and input modalities, such
as combining EEG and electromyography (EMG), or
pairing motor imagery (MI) with steady-state visually
evoked potentials (SSVEPs). This multimodal approach
enhances classification accuracy, signal reliability, and
operational bandwidth, enabling more precise and ver-
satile neuro-controlled devices (6-9). For example, Mc-
Geady et al. (6) implemented a hybrid MI-SSVEP BCI.
They reported classification accuracies of 77.3 + 8.2% for
three right upper limb movements (palmar grasp, pinch
grip, and elbow flexion), 94.4 + 3.5% for SSVEP, and 80.9
+8.1% for MI. The hybrid system reports distinct SSVEP
and MI accuracies because it evaluates each component
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separately, with overall success (77.3%) only when both
align correctly. The system processed MI using common
spatial patterns and linear discriminant analysis, while
SSVEP used canonical correlation analysis for frequency
detection from flickering stimuli. Classification Accura-
cies Obtained Accuracies, SSVEP at 94.4+3.5% and MI
at 80.9£8.1%, stemmed from online closed-loop trials
where participants executed hybrid tasks. SSVEP detec-
tion targeted specific stimulus frequencies, while MI fo-
cused on motor execution patterns in mu/beta rhythms;
leave-one-trial-out cross-validation on per-trial EEG data
yielded these independent modality rates.

Clinical Applications and Efficacy

Recent research underscores the efficacy of hBCI-based
neurorehabilitation for motor function recovery after
stroke, spinal cord injury, and other neurological diseases
(10). Clinical trials demonstrate that hBCI systems inte-
grated with FES or robotic assistance facilitate voluntary
motor activation, improve range of motion, hand dexteri-
ty, and reduce spasticity (11,12).

A meta-analysis of randomized controlled trials in-
volving 258 stroke patients found that BClI-assisted reha-
bilitation resulted in significant functional improvements
in upper-limb motor scores compared with conventional
therapy (13). Similarly, for spinal cord injury, BCIs have
been applied to restore hand grasp and walking func-
tions, often augmented by hybrid systems combining
BCIs with FES (14,15).

Integrating BCIs with VR environments further
enriches therapy by providing immersive feedback, en-
hancing patient motivation, and cognitive engagement.
Hybrid approaches combining MI, action observation,
and SSVEP have been shown to improve motor imagery
vividness and promote sensorimotor cortex activation
beyond single-modality BCIs (16).

Technological Developments

Artificial intelligence (AI) algorithms are increasingly
employed in hBCI systems to optimize the translation of
brain signals into control commands. For instance, Xavi-
er Fidéncio et al. (17) introduced an adaptive error-re-
lated potential-based hBCI system using reinforcement
learning to adjust BCI decoding parameters and enhance
signal robustness dynamically. AI techniques enable hB-
CIs to compensate for neural signal variability, reduce
recalibration needs, and adapt to individual EEG pat-
terns in real-time interactive tasks. Portable and wearable
hBCI platforms are under development for home-based
and telerehabilitation applications, increasing therapy
frequency and accessibility. However, deploying these
systems remotely poses challenges in safety monitoring,
user compliance, and data security, necessitating robust
solutions before mainstream adoption (18).

Challenges and Limitations

Despite significant progress, hBCIs face notable obsta-

cles restricting widespread clinical use. These include:

« Signal acquisition and processing complexity: Noise,
artifacts, and inter-subject variability challenge the
reliability of signal detection.

« User training and fatigue: BCI operation requires pa-
tient concentration and learning, which can lead to
fatigue.

« Device usability: Wearable sensors and interface com-
ponents must balance signal quality with patient com-
fort and convenience.

« Standardization: Lack of unified protocols compli-
cates comparison and clinical translation.

« Costandinfrastructure: High costs and needs for spe-
cialized personnel limit availability.

Addressing these challenges will be crucial for ad-
vancing hBCI systems beyond specialized research set-
tings.

Future Directions

Future work in hBClIs should focus on:

« Multimodal signal integration: Leveraging additional
biosignals (e.g., those obtained by photoplethysmog-
raphy, by eye tracking) to increase reliability.

o Al-driven adaptation: Enhancing continuous, auto-
matic model updating and fatigue detection.

« Hybrid interfaces: Combining BCIs with emerging
feedback modalities such as augmented reality (AR)
and haptics.

o Clinical validation: Conducting large multi-center
randomized controlled trials to establish efficacy and
cost-effectiveness.

« User-centric design: Developing intuitive, minimally
invasive, and portable systems suitable for daily-life
use.

Such advances will progressively realize the goal of
practical, home-based hBCI neurorehabilitation solu-
tions with broad clinical impact.

Summary

Hybrid BCIs represent a paradigm shift in neurorehabil-
itation by integrating multimodal neural and physiolog-
ical signals with adaptive Al-based processing to enable
patient-driven, closed-loop control of assistive devices.
They oftfer significant potential to enhance motor recov-
ery and quality of life in neurological populations but re-
quire ongoing innovation to address technical, usability,
and clinical integration challenges.
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HYBRID ROBOTIC SYSTEMS IN
NEUROREHABILITATION

Overview and Rationale

Robotic-assisted rehabilitation has transformed the
landscape of neurorehabilitation by providing precise,
repetitive, and task-specific motor training essential
for promoting neuroplasticity and functional recovery.
However, traditional robotic systems typically operate in
an open-loop manner, providing fixed assistance patterns
without dynamically adapting to the patient’s voluntary
efforts or current motor state.

Hybrid robotic systems address this limitation by in-
tegrating robotics with physiological signal inputs such as
electromyography and brain-computer interfaces. This
integrative approach enables closed-loop control, modu-
lating robotic assistance in real time based on the user’s
motor intent, effort level, and fatigue, thereby facilitating
active participation and personalized training intensity.

System Architectures and Modalities

Hybrid robotic systems commonly use exoskeletons
or end-effector devices for upper- or lower-limb reha-
bilitation, paired with biosignal acquisition modules.
EMG-controlled exoskeletons detect muscle activation
signals to tailor assistance, encouraging volitional effort
while supporting movement execution. BCIs integrated
into robotic systems utilize decoded brain signals to com-
mand robotic actuators directly, closing the loop between
cortical intent and limb movement.

An example is an Al-driven dual-arm robotic platform
combined with EMG-guided neuromuscular electrical
stimulation, which adaptively assists upper-limb movements
while stimulating weakened muscles. This synergy has been
demonstrated to improve joint range of motion, muscle
torque, and reduce spasticity in chronic stroke patients (19).

For lower limb recovery, robotic gait trainers com-
bined with functional electrical stimulation and EMG
feedback have shown promise in enhancing walking
speed, gait symmetry, and endurance in stroke and spinal
cord injury populations ). The EMG/sensory feedback is
directed toward the robotic device for closed-loop con-
trol. Closed-loop control allows adaptive modulation of
robotic forces and stimulation timing based on patient
effort and sensory feedback, leading to better neuroplas-
tic outcomes compared to passive gait training (1). EMG
feedback and sensory feedback serve as inputs that enable
the robot to adaptively modulate its forces and stimula-
tion timing based on the patient’s effort levels.

Clinical Evidence

Multiple randomized controlled trials suggest that hybrid
robotic-assisted neurorehabilitation can offer advantages

over conventional therapies on selected outcomes. For
instance, a meta-analysis by Hohler et al. (3) reported
significant gains in upper-limb motor scores when robot-
ics was combined with EMG or BCI feedback compared
with conventional physical therapy alone. Patients also
demonstrated better capacity for independent functional
tasks and reduced muscle spasticity.

A recent multicenter study found that hybrid BCI-ro-
botic systems improved motor recovery and cortical re-
organization in patients with hemiparetic stroke, attrib-
uting this success to enhanced sensorimotor coupling
and repetitive volitional engagement (20). Additionally,
hybrid neuroprosthesis systems combining robotics with
FES have been clinically effective in restoring hand grasp
and gait patterns, especially when closed-loop control al-
gorithms adapt stimulation intensity based on user feed-

back (3,4).
Technological Challenges and Innovations

Despite efficacy, several technical and practical challeng-

es must be addressed for wider clinical acceptance:

« Device Portability and Comfort: Many hybrid robot-
ic devices remain bulky, hindering naturalistic move-
ment and limiting use outside specialized centers.

« Signal Acquisition Reliability: Surface EMG and
non-invasive BCI signals can be noisy, requiring ad-
vanced filtering and calibration.

o User Training Burden: Initial system setup and user
training require substantial time and expert supervi-
sion.

« Cost and Accessibility: High procurement and main-
tenance costs restrict availability, especially in low-re-
source settings.

Emerging solutions emphasize Al-driven adaptive
assistance that continuously learns and predicts patient
needs. Integration with wearable biosensors, wireless
data transmission, and lightweight exoskeleton materials
are priorities to enhance usability and the feasibility of
home-based training.

Furthermore, user-centered design approaches that
incorporate input from patients and clinicians accelerate
translation and enhance technology acceptance.

Summary

Hybrid robotic neurorehabilitation systems represent a
critical evolution in motor recovery paradigms by inte-
grating biosignal-driven, closed-loop control of robotic
devices. Clinical evidence supports their superiority in
promoting neuroplasticity, enhancing motor function,
and improving patient engagement compared to tradi-
tional therapies. Addressing current limitations through
technological innovation and accessibility initiatives is
essential to realize their therapeutic promise fully.
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HYBRID FUNCTIONAL ELECTRICAL STIMULATION
SYSTEMS IN NEUROREHABILITATION

Functional electrical stimulation involves the appli-
cation of electrical currents to activate muscles arti-
ficially, facilitating movements in paralyzed or weak-
ened limbs. This technology has been effectively used
to restore gait, grasp, and postural control in patients
recovering from stroke, spinal cord injuries, and other
neurological disorders (21). Traditional FES systems
are often open-loop and manually controlled, limiting
their ability to adapt to patient-specific neural activity
and engagement.

Concept and Design of Hybrid FES Systems

Hybrid FES systems operate within a closed-loop frame-
work by integrating additional biosignals, such as electro-
encephalography (via BCI), electromyography, and/or
robotic assistance, facilitating real-time adaptation to the
patient’s intention and physiological state. Such integra-
tion maximizes therapeutic efficiency by coupling corti-
cal motor commands with peripheral muscle stimulation
and biomechanical support.

Khan et al. (22) provided a comprehensive systematic
review highlighting advances in FES-based rehabilita-
tion, classifying systems as either open-loop (manual) or
closed-loop controlled by BCIs or EMG signals. Closed-
loop BCI-FES systems interpret motor imagery-relat-
ed EEG signals, triggering and adjusting stimulation
patterns to facilitate targeted movement execution and
enhance motor cortex engagement. The incorporation
of virtual reality (VR) environments further supports
cortical activation and motivation by guiding patients
through interactive, visually enriched therapy sessions
(Figure 3 in their review).

Clinical Efficacy

Clinical evidence confirms the positive impact of hy-
brid BCI-FES systems on motor function recovery post-
stroke. Meta-analyses report significant improvements
in Fugl-Meyer Assessment scores and Action Research
Arm Test outcomes compared to conventional therapy
or FES alone. (22-24). These systems promote Hebbian
plasticity by synchronizing cortical activity with volun-
tary muscle contraction (Hebb’s principle: “cells that fire
together wire together”), fostering stronger corticospinal
connections and more functional motor patterns.
Recent randomized controlled trials demonstrate
improvements in hand function, gait parameters, and
spasticity following BCI-FES. Hybrid FES systems fa-
cilitate prolonged and repetitive training by intelligent-
ly modulating stimulation parameters based on contin-
uous biosignal feedback, as shown by Dalla Gasperina

etal. (25), who developed a cooperative control system
that distributed torque between robotics and FES to
optimize muscle fatigue resistance and motor perfor-
mance.

Technological Advances

Hybrid FES systems employ sophisticated control al-
gorithms, including iterative learning control, adaptive
feedback controllers, and Al-based classifiers to fine-
tune stimulation intensity and timing (19). These con-
trols help maintain optimal muscle activation, prevent
fatigue, and enhance functional movement patterns. The
integration with robotic devices enables synergistic sup-
port: robotics provides structural assistance, and FES
activates musculature, enabling naturalistic and effective
rehabilitative movements.

Innovations also focus on user-friendly electrode
arrays, wireless stimulation devices, and wearable
multi-channel stimulators to increase comfort and ex-
pand out-of-clinic therapy options. Coupling FES with
BClIs and VR environments further enriches the sensory
and cognitive aspects of rehabilitation, driving motiva-
tion and engagement.

Challenges and Future Directions

Although hybrid FES systems markedly improve neu-

rorehabilitation outcomes, challenges include:

« Calibration complexity and variability in electrode
placement.

« Managing discomfort or involuntary contractions.

 Integration hurdles for robust, portable, and afford-
able home-use systems.

« Need forlong-term clinical trials to quantify the dura-
bility of improvements.

Future research aims to enhance closed-loop con-
troller precision, develop adaptive Al techniques for re-
al-time fatigue detection, and expand telerehabilitation
applications. Combining multimodally acquired signals
from different phases of movement initiation or execu-
tion with sensor fusion and personalized therapy proto-
cols remains crucial.

Summary

Hybrid FES systems integrating real-time neural inten-
tions, robotic support, and closed-loop adaptive control-
lers provide significant therapeutic benefits in neuroreha-
bilitation. They enhance volitional control, foster neural
plasticity, and improve sustained motor function recov-
ery in neurological disorders.
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HYBRID VIRTUAL REALITY SYSTEMS IN
NEUROREHABILITATION

Overview and Rationale

Virtual reality (VR) technology has transformed from a
speculative tool into a clinically validated modality for
neurorehabilitation. VR offers immersive, interactive,
and task-oriented environments that simulate real-world
activities, providing multisensory feedback to patients
and enhancing their motivation and engagement. When
integrated into hybrid neurorehabilitation systems, VR
complements other assistive technologies, such as BClIs,
robotics, and FES, creating enriched therapeutic inter-
ventions that engage neural circuits more effectively and
promote neuroplasticity.

VR facilitates intensive, repetitive motor practice
within a safe and controlled virtual environment. Its
potential to deliver task-specific training tailored to the
patient’s level of function and to adapt dynamically re-
sponder profiles has attracted broad research and clinical
interest.

Components of Hybrid VR Systems

Hybrid neurorehabilitation involving VR typically cou-
ples immersive VR environments with biosignal-driven
control from BCIs, EMG, or robotic interfaces. These
systems enable patients to perform virtual tasks guided
by motor intention or assistance, facilitating sensorimo-
tor integration, error-based learning, and cognitive en-
gagement.

For instance, the HYPER project (5) developed an
integrated hybrid platform combining robotics, motor
neuroprostheses, and virtual reality to promote motor
function restoration in stroke and spinal cord injury
patients. This system uses multimodal sensors (EEG,
EMG, tactile feedback). It integrates a brain-neural-ma-
chine interface with VR to provide enhanced cognitive
and physical interaction, aiming at personalized and
progressive therapy. Multimodal sensors, including tac-
tile feedback alongside EEG and EMG, capture patient
data to drive the brain-neural-machine interface. This
enables real-time monitoring of patient motor intent and
physical responses during therapy. The system uses this
sensory input to deliver enhanced sensory cues back to
the patient via neuroprosthetics and VR, fostering cog-
nitive-physical interaction and motor restoration. Robot
control adapts to patient signals, but tactile elements pri-
marily reinforce patient proprioception and plasticity.

VR-based mirror therapy is another application lever-
aging the mirror neuron system: reflecting movements of
an unimpaired limb in VR “tricks” the brain into activat-
ing motor pathways on the affected side. Visual feedback
in VR drives cortical reorganization, promoting recovery,
especially after stroke (26).

Clinical Evidence

Recent clinical studies and systematic reviews have
demonstrated significant functional improvements us-
ing hybrid VR neurorehabilitation systems. Meta-anal-
yses show that VR-hybrid interventions enhance upper
and lower limb motor skills post-stroke, multiple sclero-
sis, and other neurological conditions, with measurable
changes in Fugl-Meyer Assessment scores, balance met-
rics, gait kinematics, and daily-living activities.

A 202S meta-analysis of 27 randomized controlled
trials (1156 participants) found that hybrid VR com-
bined with conventional therapy significantly improves
motor function and manual dexterity after stroke, with
sustained benefits over time, supporting motor skill im-
provements in the upper limbs (27).

In addition to motor recovery, VR-based hybrids im-
prove cognitive function, attention, and psychological
well-being by providing engaging, motivating environ-
ments that encourage active participation and reduce
therapy dropout rates. (28,29).

Randomised control trials integrating VR with BCI
and robotics report superior outcomes, driven by the
closed-loop feedback loop, which enhances motor learn-
ingand cortical plasticity. In closed-loop systems combin-
ing VR, BCI, and robotics for rehabilitation, the feedback
is directed to both patients and technology. Patient-di-
rected feedback includes sensory cues (e.g., tactile, visual
via VR, neuroprosthetic stimulation) that reinforce mo-
tor intent, enhance proprioception, and promote cortical
plasticity/motor learning. Technology-directed feedback
uses patient signals (EEG, EMG) to adapt robot control
and VR scenarios in real-time, creating the adaptive loop.

VR’s adaptability for remote and home-based rehabili-
tation also supports telerehabilitation efforts, broadening
therapeutic reach and frequency.

Technological Advances and Innovations

Advancements focus on creating more immersive, multi-
sensory VR environments using head-mounted displays,
haptic feedback devices, and real-time integration of bio-
mechanical and neural data for more naturalistic interac-
tion. Al-driven personalization algorithms tailor task dif-
ficulty and feedback based on patient progress and fatigue.

Hybrid VR systems increasingly feature tri-manual
interaction capabilities and combined BCI-VR platforms
that enhance real-time feedback, improving rehabilita-
tion quality and engagement (30).

Challenges and Future Perspectives

Despite robust potential, challenges impede seamless in-

tegration of VR into hybrid systems, including:

« High costs of advanced VR hardware and integration
components.
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« User discomfort issues, such as cybersickness and fa-
tigue, occur during prolonged VR exposure.

« Necessity of intuitive interfaces that cater to patients
with cognitive and sensory impairments.

« Requirement for standardized protocols and outcome
measures to evaluate efficacy.

« Ensuring accessibility and equity in remote or re-
source-limited settings.

Future research should emphasize cost-effective sys-
tem development, improved user ergonomics, and large-
scale longitudinal studies of the durability of VR hybrid
therapy. Integration with AI will refine adaptive algo-
rithms, enhancing therapy personalization.

Summary

Hybrid virtual reality neurorehabilitation systems com-
bine immersive, engaging environments with biosignal
and robotic control to enrich motor and cognitive ther-
apy. Evidence supports their benefits in enhancing neu-
roplasticity, functional recovery, and patient motivation,
making them an indispensable component of modern
neurorehabilitation.

CONCLUSION

The field of neurorehabilitation is rapidly evolving as
hybrid systems integrate robotics, functional electrical
stimulation, brain-computer interfaces, and virtual real-
ity. Such multimodal systems offer the potential to deliv-
er precisely targeted, engaging, and effective therapy by
combining neural decoding, muscle activation, mechan-
ical assistance, and sensory feedback into a unified reha-
bilitation platform.

Although promising clinical evidence supports the
benefits of hybrid technologies in motor recovery, their
translation into widespread clinical practice faces tech-
nical, cost, and usability challenges. Future directions
include developing more compact, user-friendly systems
with adaptive control, enhanced sensor fusion, and re-
al-time neurofeedback. Integration of artificial intelligence
to personalize therapy and long-term monitoring through
wearable solutions may further enhance effectiveness.

In summary, hybrid systems represent an innovative
frontier in neurorehabilitation, offering new opportuni-
ties to restore function and independence in patients with
neurological disabilities. Continued interdisciplinary
collaboration between clinicians, engineers, neurosci-
entists, and patients will be essential to realize their full
potential in improving rehabilitation outcomes.
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Sazetak

Primena hibridnih sistema u neurorehabilitaciji pred-
stavlja vazan napredak na ovom polju, objedinjujuci
terapeutski i tehnoloski pristup ciji je cilj poboljsanje
funkcionalnog ishoda kod pacijenata sa neuroloskim
deficitom. Preduslov za razvoj hibridnih sistema su teh-
noloska resenja koja omogucavaju kombinovanje bio-
loskih signala i inovativne tehnologije u sprovodenju
rehabilitacije. Strategija usmerena na vise mehanizama
kontrole izvodenja funkcionalnog zadatka uzima u ob-
zir sloZzenu prirodu neuroloskog ostecenja i plasticiteta i
omogucava raznovrsniji rehabilitacioni pristup. Hibridni
sistemi u neurorehabilitaciji su u mogu¢nosti da integri-
su slede¢e modalitete: mozak — racunar interfejs, robo-
ticku asistenciju, funkcionalnu elektricnu stimulaciju i
virtulenu realnost. Cilj primene ovih sistema je stimuli-
sanje motornog ucenja, obezbedivanje multimodalnog
senzornog feedbacka i korid¢enje naprednijih kontrolnih
algoritama upravljanja kroz aktivno ucesce pacijenta u
terapeutskim procedurama u realnom vremenu. Klini¢-
ke studije su pokazale da hibridni sistemi mogu da una-

prede motorne funkcije kod ispitanika nakon mozdanog
udara, lezija kicmene mozdine, kod pacijenata sa neu-
rodegenerativnim bolestima. One su pokazale merljive
promene relevantnih ishodnih varijabli funkcionalno-
sti kod ovih pacijenata. Pored toga, nove tehnologije
omogucavaju dozirane, individualizovane, repetitivne i
ciljane rehabilitacione postupke, koji su veoma vazni u
neuroloskom oporavku.

Hibridnim sistemi u neurorehabilitaciji su primer integri-
sanja neuronauka, inZzenjerskog i klinickog pristupa, ciji
je cilj maksimiziranje funkcionalnog oporavka pacijena-
ta sa neuroloskim deficitom kod kojih je konvencionalni
rehabilitacioni pristup dao suboptimalne rezultate. Fo-
kus buduceg razvoja novih tehnologija u neurorehabili-
taciji treba da bude usmeren na njihovu Siru dostupnost,
poboljsanje ergonomike i korisni¢kog interfejsa i integri-
sanje sa algoritmima masinskog ucenja u cilju dalje in-
dividualizacije i obezbedivanja adaptabilnih strategija
rehabilitacije ovih pacijenata.

Kljuéne reci: hibridni sistemi, mozak-racunar interfejs, funkcionalna elektri¢na stimulacija, virtuelna realnost
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