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SYSTEMATIC REVIEW ON ADVANCES IN THE USE OF BRAIN-COMPUTER INTERFACES,
MYOELECTRIC PROSTHESES, AND ASSISTED REHABILITATION TECHNOLOGIES

REVISION SISTEMATICA SOBRE AVANCES EN EL USO DE INTERFACES CEREBRO-COMPUTADORA,
PROTESIS MIOELECTRICAS Y TECNOLOGIAS DE REHABILITACION ASISTIDA

ABSTRACT

Technological evolution in the medical field has led to the development of innovative tools aimed at neurological rehabilitation
and the improvement of quality of life. Brain-Computer Interfaces have emerged as a promising alternative by enabling the
restoration of motor, sensory, and cognitive functions in people with disabilities through neural signals. This study was conducted
in accordance with the Preferred Reporting ltems for Systematic Reviews and Meta-Analyses 2020 guidelines, carrying out an
analysis of articles published between 2020 and 2026. The research examined the main applications of Brain-Computer
Interfaces and myoelectric prostheses, as well as the challenges that limit their implementation. Prominent among these were
aspects related to inter-individual variability, the reproducibility of results in everyday settings, economic barriers, and the ethics
associated with the use of neurophysiological data and human-machine interaction. Although these technologies present high
therapeutic potential, their large-scale adoption still faces technical, clinical, and social limitations. Accordingly, the need to
develop more accessible and personalized solutions focused on reproducibility under real-world conditions is highlighted, in
order to favor their appropriate implementation in medical practice.

Keywords: myoelectric prostheses, neurological rehabilitation, Brain-Computer Interfaces, motor restoration, neural signals

RESUMEN

La evolucion de la tecnologia en el @mbito médico ha traido consigo el desarrollo de herramientas innovadoras orientadas a la
rehabilitacion neuroldgica y a la mejora de la calidad de vida. Las Interfaces Cerebro-Computadora han emergido como una
alternativa prometedora al permitir la restauracion de funciones motoras, sensoriales y cognitivas en personas con
discapacidades a través de sefiales neuronales. El presente trabajo se realizd conforme a la guia Preferred Reporting Items for
Systematic reviews and Meta-Analyses 2020, llevando a cabo un analisis de articulos publicados entre 2020 y 2026. La
investigacion analizo las principales aplicaciones de las Interfaces Cerebro-Computadora y las protesis mioeléctricas, asi como
los desafios que limitan su implementacion. Destacaron aspectos relacionados con la variabilidad interindividual, la
reproducibilidad de resultados en entornos cotidianos, las barreras econdmicas y la ética asociada al uso de datos
neurofisiologicos y la interaccion humano-maquina. Si bien estas tecnologias presentan un alto potencial terapéutico, su
adopcidén a gran escala aun enfrenta limitaciones técnicas, clinicas y sociales. De esta manera, se destaca la necesidad de
desarrollar soluciones mas accesibles, personalizadas y enfocadas en la reproducibilidad en condiciones reales, con el fin de
favorecer su implementacion adecuada en la practica médica.

Palabras clave: prétesis mioeléctricas, rehabilitacién neurolégica, interfaces cerebro-computadora, restauracion motora,
sefiales neuronales
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1. INTRODUCTION

Advances in medical technology have driven the development of tools aimed at the rehabilitation and functional
recovery of people with motor or neurological disabilities. Devices such as prostheses, orthoses and exoskeletons
have evolved significantly thanks to the integration of electronic, computational and biomechanical systems. Among
these innovations, bionic prostheses and Brain-Computer Interfaces (BCls) have gained relevance in the medical
field.

BCls are innovative technologies that carry out a neural signal acquisition process (Figure 1). They make it
possible to identify patterns of neural activity associated with motor and cognitive functions, facilitating the
interpretation of intentions within the signal, which in turn enables the measurement and association of actions and
concepts (Singh, 2025; Lee et al., 2025). In this way, they support the interpretation of a command sent by the
motor regions of the brain in order to activate limbs through electrical impulses and to achieve extracorporeal control
of those limbs (Singh, 2025; Lee et al., 2025; Pandarinath & Bensmaia, 2021).

Figure 1
Signal acquisition process
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Note. Adapted from Lee et al. (2025) and Madduri et al. (2023).
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Although several studies have explored their application in the treatment of neurodegenerative conditions,
a significant gap persists between the results obtained in controlled environments and their implementation in real
clinical settings. This work analyzed the current state of BCls and myoelectric prostheses. It also identified their
main technical, clinical and ethical limitations. Likewise, it addressed aspects related to neurocognitive privacy,
technological regulation and the future prospects of these tools in the field of medical rehabilitation.

When examining how BCls work, it is important to recognize biocompatibility, selectivity and transfer
mechanisms as factors that directly influence interface performance (Yildiz et al., 2020). Biocompatibility refers to
the safety of the interaction between the device material and the body, encompassing any secondary tissue effect
that may occur during its use. Selectivity indicated the capacity of the interface to remain largely unaffected by
surrounding tissues, acting directly on the signal in order to obtain objective communication. Finally, the transfer
mechanism enabled the exchange of signals and data with external hardware (Young Park et al., 2025; Yildiz et al.,
2020).

Taking these considerations into account, microneedles (MNs) are medical devices shaped like tiny needles
that have emerged as less invasive and easy-to-use alternatives. A study conducted by Liu et al. (2025) compared
MN electrodes with conventional gel electrodes with respect to their application in BCls: an improvement in the
spatial resolution of electroencephalographic (EEG) signals was determined, in addition to high signal quality. Their
use was justified as less invasive, reducing the need for open surgery, and as more effective and stable (Liu et al.,
2025). Nevertheless, their application proved to be experimental and carried out under controlled conditions, so
their long-term efficiency, specifically in BCls, remains an active area of research. BCls enable the restoration of
sensory functions that are essential for interaction with the environment. This process is achieved through the
electrical stimulation of neural networks located in somatosensory regions of the brain (Jangwan et al., 2022;
Pandarinath & Bensmaia, 2021). It is therefore key to the development of prostheses, since some studies suggest
that somatosensory sensation is vital for adequate exchange with the environment.

With the implementation of BCls in the medical field, a form of adaptation between machine and patient
emerges. This is not an entirely new phenomenon within the implementation of technology in medicine, but it is a
new phase that requires professional and technical evolution (Salazar et al., 2025). The person works together with
the acquisition device, and there is a need for decoding. The signals are received and, with them, the patient's
intentions. It is necessary to develop computational models aimed at decoding neural signals, such as closed-loop
decoder adaptation systems (CLDA), which allow real-time adaptation (Madduri et al., 2023).

However, this performance does not depend solely on the algorithm, but also on the user. In order to obtain
the message, individuals are encouraged to generate motor memories that arise from an action performed
repeatedly, until it can be carried out naturally (Madduri et al., 2023). The different movements we make with our
bodies do not require a high level of conscious cognitive processing. If the patient manages to adapt adequately to
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BCls, it is possible to generate good signal reception and thereby produce accurate movements. This highlights
the importance of a co-adaptive design that allows individuals to interact appropriately with BCls (Madduri et al.,
2023).

Likewise, the subject's learning process is not uniform, since certain factors such as fatigue, motivation
and cognitive state significantly influence the quality of the signal generated. This implies that the success of BCls
depends not only on technological development, but also on the user's ability to adapt to the system. However,
beyond their theoretical functioning, one of the main challenges identified is inter-individual variability, which
represents a significant limitation in the acquisition and generalization of neural signals, since neurophysiological
characteristics differ between subjects. As a result, although current models allow a functional interpretation of
motor intention, their performance is not entirely consistent in real clinical scenarios.

A characteristic example is the neurological deficits that follow a stroke (cerebrovascular accident, CVA),
which create a gap between the intention and the actual execution of movement. In this regard, rehabilitative BCls
seek to close this loop by providing feedback (haptic or robotic) on the patient's intention, thereby promoting neural
reorganization (Singh, 2025; Lee et al., 2025; Rad & Brisan, 2025). Despite these advances, the evidence suggests
that the positive results obtained in controlled environments are not always reproduced in everyday contexts, which
raises questions about their long-term effectiveness. The development of these technologies continues to advance;
however, it still faces significant limitations. The main challenges include the associated costs, waiting times and
difficulties of access. This situation could lead to the benefits of technological advances being concentrated in
populations with greater resources, widening inequalities in access to advanced rehabilitation technologies.

2. RESEARCH METHOD

In order to present verifiable information, research was carried out consisting of the analysis, selection and
classification of articles published between January 2020 and December 2026. Combinations of Boolean operators
such as AND, NOT, +, - and OR were used in the Google Scholar and PubMed search engines, respectively (Table
1). The research was conducted between July 2025 and May 2026.
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Table 1

Search using Boolean operators

Database

Combination of terms and Boolean operators

Articles retrieved

PubMed

Google Scholar

("brain-computer interface” OR BCI) AND ("myoelectric prosthesis"
OR prosthetics OR neuroprosthetics OR exoskeleton OR "robotic
rehabilitation")  AND  (stroke OR  "motor recovery" OR
neurorehabilitation OR paralysis) AND (EEG OR EMG OR "neural
signals") NOT ("traditional prosthesis" OR cosmetic)

"brain-computer interface” OR BCI + "myoelectric prosthesis" OR
prosthetics OR neuroprosthetics OR exoskeleton OR  "robotic
rehabilitation" + stroke OR "motor recovery" OR neurorehabilitation
OR paralysis + EEG OR EMG OR "neural signals" - "traditional
prosthesis" OR cosmetic

166

51

After retrieving the articles, inclusion and exclusion criteria were applied in order to ensure that the selected
studies were directly related to the research topic. To this end, the aspects considered relevant and the elements
that would make it possible to establish relationships between the texts analyzed were defined beforehand. The
selection and screening process was carried out using the Rayyan platform. Duplicate records were removed first
and a review of titles and abstracts was then conducted. Articles meeting the established criteria underwent full-
text reading and data extraction, providing the basis for the present work (Figure 2). In total, 17 articles were

included, selected on the basis of the analysis of their abstracts and conclusions.
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Figure 2
Flow chart of the stages of the article selection process
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2.1. Inclusion and exclusion criteria

Research published in the last seven years was considered, provided that it included information related to
the development, progress and evolution of bionic prostheses. Articles addressing the importance and application
of EEG and electromyographic (EMG) signals and the use of BCls were also included. Theses and texts in languages
other than English or Spanish were avoided, as were studies containing information on rehabilitation unrelated to
the use of BCls or on the development of prostheses not intended for human use.

Ten articles were excluded on the basis of their title and language, since only sources published in English
and Spanish were used. Some articles contained information that was too general and did not relate technological
advances to medicine. Around nine articles provided information that was not relevant and therefore of little use for
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the analysis. These articles offered only advantages of the technologies investigated and highly optimistic
expectations with little real-world focus.

In order to organize the information as it was developed, the articles were arranged and synthesized in a
table, which classified the readings by author, date, contribution and specific area of use. In this way, the information
that could make a significant contribution to this review was selected. It was likewise confirmed that the data used
were recent (Figure 3) and that the sections drawn from each source corresponded to the claims made in this work.

Figure 3
Percentage of articles used per year

0% 6%

12%

47%

12%

6%

= 2020 = 2021 =2022 =2023 =2024 w=2025 =2026

3. RESULTS AND DISCUSSION

The analysis of the information identified key factors that influence the advancement of technologies aimed at
improving quality of life. From hereditary diseases to accidents, the field of study has undergone significant
diversification (Muthu et al., 2023). Developing countries showed a higher incidence of stroke (Singh, 2025). Since
strokes are one of the leading causes of death worldwide, these regions record higher mortality rates (Singh, 2025;
Serruya & Rosenwasser, 2021). However, this trend could also be influenced by existing differences in access to
health services, which limits direct comparability between regions.

Economic inequality in less developed areas hinders the acquisition of these technologies, generating an
uneven distribution in access to them. In this context, various studies agreed that the implementation of
technologies such as BCls is limited in developing countries, not only by economic factors but also by the lack of
clinical infrastructure and trained personnel. This indicated that, despite the therapeutic potential of these
technologies, their real impact could remain restricted if inequalities in access to specialized medical care are not
addressed.

Hernandez Monroy, S. P., Garcia-Morales, A. F., & Ortiz-Contreras, O.E. (2023). Systematic review on advances in the use of
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3.1. Myoelectric prostheses

There are different classifications within prosthesis development, all of which have their own characteristics
that determine their functionality and value for money. Passive prostheses are a type of prosthesis focused on the
appearance of a limb and are difficult to use because of their rigidity. Their main function, however, is to evoke the
image of a natural limb. Although maintenance is simple and the cost is not excessively high, they do not meet the
basic needs of the individual (Collu et al., 2025).

Myoelectric prostheses (MPs), on the other hand, are external devices controlled by electrical impulses
generated by the muscles of the affected limb. Muscles that have not completely lost their functionality guide the
movement of the non-functional segment of the injured limb (Lee et al., 2025; Nizamis et al., 2021). They represent
an advanced alternative by enabling control through EMG signals.

This type of prosthesis offers higher performance and more accurate functionality. However, its cost is high,
it requires more complex maintenance, its appearance is robotic and prior training is needed. There is no certainty
regarding how it will perform with the patient, and there is a high likelihood of abandonment (Collu et al., 2025;
Garcia Batista et al., 2025). Various assessments report abandonment rates associated with discomfort, control
complexity and the lack of sensory feedback, indicating that, although myoelectric prostheses represent an
advanced technology, their long-term acceptance depends equally on technical and psychological factors (Collu et
al., 2025) (Table 2).

Table 2
Evolution of BCls and bionic prostheses
Year Advance Reference
Earliest The first prostheses were made from simple materials such as Salazar et al. (2025)
civilizations wood, metal and leather, in order to restore some motor capacities

to the user, ensure their survival and serve aesthetic purposes.

20th century  Providing war veterans with functional robotic prostheses to regain Salazar et al. (2025)
their autonomy in simple activities.

1919 First externally powered prosthesis. Salazar et al. (2025)

1924 Hans Berger achieved the first recording of the electrical activity of a  Jangwan et al. (2022)
human brain (EEG).

1970s  and Improvements in prosthesis function, longer service life, more Salazar et al. (2025)
1980s effective materials and efforts to ensure patient comfort.

Hernandez Monroy, S. P., Garcia-Morales, A. F., & Ortiz-Contreras, O.E. (2023). Systematic review on advances in the use of
Brain-Computer Interfaces, myoelectric prostheses, and assisted rehabilitation technologies. Transdigital, 7(14),
€648. https://doi.org/10.56162/transdigital648



Trans

journal

Sociedad de Investigacion sobre Estudios Digitales S.C. | ISSN: 2683-328X

2012 BrainGate enabled a patient with severe paralysis to drink from a Jangwan et al. (2022)
bottle using a BCI.

2013 The University of Kansas Medical Center, United States of America,  Jangwan et al. (2022)
presented for the first time a brain prosthesis implementing a
closed-loop reactive policy.

2015 3D-printed bionic prosthesis created by Anatomics, which Salazar et al. (2025)
represented a major advance in the research field and had a
significant impact.

2016 Elon Musk co-founded Neuralink, a company focused on the Jangwan et al. (2022)
development of BCls.

The use of myoelectric prostheses allows patients to perform simple tasks by means of EMG signals
received from the functional part of the body (Nizamis et al., 2021). Myoelectric arm prostheses have a variety of
functions. Some designs are developed for people who have undergone an amputation, while others are designed
to be mounted on wheelchairs or used in industrial applications (Pandarinath & Bensmaia, 2021). Although there
are still elements that require further attention, their contribution to rehabilitation has been clinically relevant.
Nevertheless, physiological variability between patients prevents the development of universal solutions, which
entails constant customization processes (Salazar et al., 2025). This need represents an additional challenge for
their large-scale implementation (Figure 4).

Figure 4
Accuracy of use

Wireless Myoelectric Robotic Gloves
Random Cross-Validation for Hand Movement Recognition in ACV Patients IEEEEEEGEGGGEEEEEEEEEEEG—_—_—_—_

Label Self-Advised Support Vector Machine (LSA-SVM)

75.00% 80.00% 85.00% 90.00% 95.00% 100.00%

Note. Adapted from Singh (2025).

3.2. Rehabilitation technologies

Rehabilitation technologies are tools that provide support for recovery treatments and have a range of
technical applications, from chronic brain conditions to motor problems (Muthu et al., 2023). Robotic systems work
on different areas of the body in a specialized manner, ensuring precise movements that meet the user's needs
and making it possible to determine the progress achieved during treatment (Singh, 2025; Rad & Brisan, 2025). It
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should be noted that practicality and functionality are distinct concepts, as has been shown in various research
centres. Although the approval of these technologies requires multiple tests, there is still no certainty regarding their
performance in everyday conditions outside controlled environments (Garcia Batista et al., 2025). In this context,
there is a discrepancy between the results obtained in controlled environments and their application in everyday
life, which suggests limited reproducibility of the reported benefits. This difference highlights the need for long-term
clinical studies assessing their effectiveness under real-world conditions.

The creation of exoskeletons provides medicine with a practical element in the rehabilitation of patients;
advances in their manufacture have produced easy-to-use equipment, and it has been possible to reduce their size
in order to offer greater comfort to the patient (Nizamis et al., 2021). Despite this, their use in upper limbs (such as
the hand or arm) is still at considerably early stages (Pandarinath & Bensmaia, 2021), which indicates that their
clinical development still requires further validation. This tool is recognized as an efficient application of BCls and,
thanks to it, motor recovery can be provided to patients along with quality treatment that allows them greater motor
independence (Madduri et al., 2023; Rad & Brisan, 2025; Colucci et al., 2022).

Numerous studies classify rehabilitation technologies according to their complexity, functionality or area of
application. A relatively simple classification applied to exoskeletons is to divide them into passive and quasi-passive
(Muthu et al., 2023). Passive exoskeletons are those used to help the patient hold objects, providing support. Quasi-
passive exoskeletons are used to improve the patient's gait (Muthu et al., 2023) (Table 3).

Table 3
Types of rehabilitation robots
Type Description Advantages Disadvantages Examples
End-effector Simple, guided structures Simple, easy to Rigid, lower joint MIT-Manus
robots that direct movements calibrate, safe precision, . .
, ) ", Gait Trainer
through a single physical positional control GTI
point
Exoskeletons External, complex functional Precise control, Complex Lokomat
structures that act as joint adaptable to joints  algorithms, costly, A
. rmeoPower
guides greater care
required in fitting HAL
Soft robots Made of elastic materials that  Light and Still under MyoPro
provide support in comfortable, more development,
rehabilitation involving more natural lower precision,
natural movements interactions more complex

management
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Table 3
Types of rehabilitation robots
Type Description Advantages Disadvantages Examples
Walking robots Assisted gait structures; Safety, recovery of Limited mobility, ZeroG
recovery of strength, balance  balance and installation space .
o . BalanceTrainer
and mobility strength required
Rysen
G-EO System

Note. Adapted from Rad and Brisan (2025).
3.3. Limitations and difficulties

Despite the existence of innovative proposals, only a small proportion of these advances reaches the clinical
application phase (Young Park et al., 2025). This reflected a lack of technological maturity in their transition to
practice. Questions about the practicality of BCls include social, experimental and emotional aspects. Each country
has a regulatory framework that must be followed for the approval of medical devices. Many of the advances
mentioned above show a disparity between the experimental prototype and the market-ready product. The
requirements that must be met differ in each jurisdiction, which leads to a need for specific adaptation in order to
comply with the applicable regulations (Young Park et al., 2025).

Functionality depends on the device's capacity to work optimally; many cases of abandonment are due to
a lack of operational function (Garcia Batista et al., 2025). Having adequate instructions for the use of the
mechanism makes it possible to obtain greater benefit from it (Young Park et al., 2025). With regard to motor
assistance robots, the design limits the natural mobility of the limbs. Despite recent advances, current designs still
face various challenges, such as their considerable weight, high energy requirements, low operating speed, limited
adaptability and safety vulnerabilities (Pandarinath & Bensmaia, 2021).

For this reason, several studies also report uncertainty regarding safety. Potential failures and adverse
effects, especially in invasive technologies, represent a significant barrier to their adoption (Muthu et al., 2023). The
robustness of the system reflects the safety of the mechanism in real applications. As mentioned above, there is no
complete certainty about system failures, which may cause injuries during handling, in addition to the requirement
for prior training (Garcia Batista et al., 2025). Situations have been described in which emotional factors, such as
depression, influence the acquired signal. The response provided by the patient is reduced, hindering acquisition
and processing procedures (Singh, 2025; Madduri et al., 2023). Furthermore, access to neural activity raises
relevant ethical challenges related to privacy, autonomy and the use of neurophysiological data (Colucci et al.,
2022). The absence of solid regulatory frameworks in some contexts suggests the need to develop guidelines that
guarantee the safe and ethical use of these technologies.
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As for the degree of anthropomorphism, it is an important aspect that tends to be left in the background.
One of the critical factors in the acceptance of prostheses lies in the pursuit of natural movements and an aesthetic
appearance (Pandarinath & Bensmaia, 2021). The adoption of these robotic limbs is based not only on their
functionality, but also on psychological and perceptual aspects (Collu et al., 2025). A large number of patients are
young, So it is necessary to ensure that the prosthesis has a structure and appearance similar to an extension of
the body within that age range. Despite this need, not everyone recognizes its importance, which raises questions
about how to achieve a balance in the patient's physical and mental health (Medina-Coello et al., 2024).

Finally, a large number of the studies analyzed consider that the greatest gap in access to these devices is
the economic one. Not all countries have the same level of technological development, and in most cases this is
due to the limited economic resources available to them. This situation suggests that advances in the clinical field
could predominantly benefit specific sectors of the population. Consequently, only those with the necessary
economic resources would have access to these technologies and their associated benefits. This could contribute
to the persistence, and even the increase, of social inequalities in access to health care (Jangwan et al., 2022)
(Figures 5, 6 and 7).

Figure 5

Examples of high-end prostheses and rehabilitation devices
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Figure 6

Examples of mid-range prostheses and rehabilitation devices
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Figure 7
Examples of low-cost, more accessible prostheses and rehabilitation devices
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3.4. The future of BCls and bionic prostheses

Future projections point towards cost reduction through technologies such as 3D printing, which allows
the development of customized designs with lower-cost materials and within a more accessible timeframe. It
ensures greater comfort thanks to the individual adaptation of the prosthesis and to modifications made in line with
the user's growth (Salazar et al., 2025).

MNs are devices that can be manufactured from a range of materials, which could represent a significant
advance in terms of effectiveness and comfort for users. In addition, their implementation could reduce the need
for open surgical procedures and improve the acquisition of neural signals (Liu et al., 2025). Nevertheless, the
prolonged interaction between these materials and biological tissue remains a challenge, owing to individual
variability between patients and the different biological responses that may arise.

The development of myoelectric prostheses and rehabilitation technologies offers patients a better
opportunity for autonomy in carrying out simple activities. In order to achieve significant advances, practicality must
be taken into account, recognizing that there is a limitation arising from the complex structures of the devices and
from considerations of energy performance. In addition, it is necessary to find a way of incorporating the aesthetic
dimension in order to improve the patient's physical and mental quality of life and thus, in accordance with their age
range, to ensure that the prosthesis adapts to their growth (Colucci et al., 2022).

Current trends point towards the integration of artificial intelligence to improve signal decoding, as well as
towards the development of hybrid interfaces that combine different types of biosignals. Despite this, the available
evidence suggests that these advances still require robust clinical validation before they can be widely adopted.
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4. CONCLUSIONS

BCls represent a far-reaching advance in the integration of technology within the medical field, particularly in the
area of neurological rehabilitation. These technologies have demonstrated their potential to support motor recovery
in patients who have suffered strokes or amputations, offering them new opportunities aimed at improving their
quality of life.

Even so, the evidence analyzed suggests that their clinical implementation faces significant challenges.
Factors such as high cost, limited accessibility of the service, aesthetic and individual adaptation, and the inter-
individual variability of neural signals hinder their standardization and large-scale application. Likewise, the difference
between the results obtained in controlled environments and their performance in real-world contexts demonstrates
the need for long-term clinical studies to ensure their safety and effectiveness, including aspects related to data
privacy.

In this regard, the future of BCls and myoelectric prostheses is oriented towards the development of more
accessible, personalized and efficient solutions through the integration of technologies that improve precision,
comfort and adaptability for the individual. Similarly, these advances will require an approach that considers both
technical aspects and the social, economic and psychological factors that influence adoption and the reduction of
abandonment.

Finally, the present work contributes to the synthesis and analysis of information on this field, providing a
tool for understanding the current state of these technologies, their limitations and future prospects. This will make
it possible not only to inform, but also to provide a functional basis for future research that takes the information
obtained into account and seeks to optimize its development and applications in real-world contexts.
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