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Abstract– Located in the lumbar and cervical regions of the 

spinal cord are the neurons that produce leg and arm movements. 

Reactivation of these neurons can be achieved by applying epidural 

electrical stimulation (EES) to these specific regions. There is 

evidence to support the claim that EES directly recruits large 

diameter afferent fibres at the point of entry into the spinal cord via 

the dorsal roots. Recruitment of the large afferent fibres results in 

the activation of motor neurons in the spinal segment connected to 

the root where these afferents are located. By activating certain 

dorsal roots, it becomes feasible to regulate muscle groups, 

considering that the motor neurons for the extensor and flexor 

muscles of each joint are located in separate segments of the spinal 

cord. 
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I.  INTRODUCTION 

In recent decades, advances in medical technology have 

had a significant impact on the quality of life of people 

suffering from paralysis. Motor disability, caused by spinal 

cord injuries or other neurological conditions, has been a 

medically and emotionally wrenching challenge for millions 

of individuals around the world. However, recent advances 

have provided new hope and opportunity for those who want 

to regain their lost mobility. 

This paper focuses on the research and development of 

implants specifically designed to allow people who suffer from 

walking paralysis again. These implants, based on epidural 

electrical stimulation and other emerging technologies, have 

emerged as a promising solution to overcome the physical 

barriers imposed by paralysis. 

The main objective of this paper is to examine the different 

approaches and developments in the design and 

implementation of implants to allow walking in people with 

paralysis. Epidural electrical stimulation techniques, thought-

controlled robotic exoskeletons, and brain implants will be 

discussed, highlighting the most significant advances and 

challenges that still need to be overcome. 

Through this research, we seek to provide a 

comprehensive view of implants to recover mobility in people 

with paralysis, as well as to evaluate their effectiveness, 

limitations, and possible implications for clinical practice. 

In addition, it is intended to promote a greater 

understanding and awareness of the possibilities and potential 

of these technologies in the field of neuromotor rehabilitation. 

II. TECHNOLOGICAL COMPONENTS OF THE 

BRAIN-SPINE INTERFACE: ESSENTIAL IMPLEMENTS 

A. Electrodes 

Electrodes play a critical role in implants intended to 

restore the ability to walk in paralyzed people. These 

electrodes are devices that are placed in direct contact with the 

nervous tissues and are responsible for transmitting the 

electrical signals necessary to stimulate the nerves and 

generate controlled movements. 

The electrodes used in these implants are usually made of 

conductive and biocompatible materials, such as platinum, 

iridium and other metals or alloys. These materials must meet 

specific requirements, such as low electrical impedance, high 

chemical stability, and the ability to maintain a stable interface 

with biological tissues. 

Research published in the journal Biomaterials evaluated 

the biocompatibility and tissue response of different electrode 

materials used in neural implants. Electrodes made of 

platinum-iridium were found to have excellent 

biocompatibility and minimal tissue response compared to 

other materials, making them a favorable choice for 

implantable applications [1]. 

 
Fig. 1 Types of neural electrode: (a) tetrode, (b) single wire, (c) Utah 

electrode, (d) Michigan electrode, (e) high-density stretchable electrode grids 

for chronic neural recording and (f) kirigami. 
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Another study published in the Journal of Neural 

Engineering investigated the performance of platinum-

iridium-coated conductive polymer microelectrode electrodes 

for neural stimulation. The results demonstrated that these 

electrodes were capable of providing effective stimulation 

with precise electrical response and high selectivity of target 

tissues [2]. 

 

 
Fig. 2 Brain Controlled Spinal Interface for Arm Function 

 

B. Cables and connectors 

Flexible and biocompatible materials play a crucial role in 

the design of implants intended to restore mobility in people 

with paralysis. These materials must have the ability to adapt 

to the shape and movement of the human body, while ensuring 

biocompatibility to minimize inflammatory response and 

adverse tissue reaction. 

 

 
 

Fig. 3 Polymers 

 

Among the materials Flexible and biocompatible materials 

used in implants include conductive polymers and silicone 

coatings. Conductive polymers, such as polypyrrole and 

poly(3,4-ethylenedioxythiophene) (PEDOT), have electrical 

and mechanical properties suitable for use in flexible implants. 

These polymers can be applied in the form of coatings or thin 

films on the electrodes, providing flexibility and improving 

biocompatibility [3]. 

 

 
Fig. 4 Electrochemical polymerization 

 

On the other hand, silicone coating has proven to be a 

versatile and highly biocompatible material in medical 

implants. Silicone is a flexible and resistant elastomer, which 

is used to cover cables and connectors in implants. Its high 

biocompatibility and ability to resist mechanical stress make it 

a common choice to ensure flexibility and safety in implants 

[4]. 

A study published in the journal Biomaterials evaluated 

the performance of conductive polymers as coatings for 

implantable electrodes in neural applications. Results showed 

that these conductive polymers provided high flexibility and 

good long-term stability in implants, along with minimal 

tissue response [5]. 

Conductive polymers are versatile and promising 

materials in the field of implants intended to restore mobility 

in people with paralysis. These polymers possess the ability to 

conduct electricity, making them an ideal choice for neural 

stimulation and prosthetic control applications. 

One of the widely used conductive polymers is 

polypyrrole (PPy). This polymer exhibits high electrical 

conductivity and is biocompatible, making it suitable for use 

in flexible and biocompatible implants. A study published in 

the journal Advanced Healthcare Materials showed that 

electrodes coated with PPy they provide effective neural 

stimulation and a stable interface with biological tissues [6]. 

 

 
Fig. 5 Base structures of polypyrrole 

 

Another commonly used conductive polymer is poly(3,4-

ethylenedioxythiophene) (PEDOT). PEDOT has excellent 

electrical and mechanical properties and has been shown to be 

highly biocompatible. A study published in the Journal of 

Neural Engineering investigated PEDOT electrodes and their 

ability to stimulate nerve regeneration in rats. The results 

showed that PEDOT electrodes promoted nerve fiber 

regeneration and improved motor functionality in animals [7]. 

Silicone liners are widely used in medical implants 

designed to restore mobility in paralyzed people. Silicone is a 

flexible and biocompatible elastomer that offers several 

advantages for implantable applications. 
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One of the main benefits of silicone coatings is their high 

biocompatibility. Silicone has been shown to be compatible 

with biological tissues and is well tolerated by the human 

body. In addition, it is resistant to the formation of biofouling 

and the inflammatory response, which contributes to a better 

integration of the implant in the surrounding tissue. 

A study published in the journal Acta Biomaterialia 

evaluated the biocompatibility and mechanical properties of 

different silicone coatings used in neural implants. Silicone 

coatings were found to be highly compatible with biological 

tissues and provide an effective protective barrier between the 

implant and the surrounding environment [8]. 

 

C. External stimulation devices 

The external stimulation devices used in implants to 

restore the ability to walk in paralyzed people are made up of 

various electronic components and integrated circuits. These 

components are designed to provide precise and controlled 

stimulation to the affected muscles or nerves, allowing 

coordinated movements to be generated. These devices require 

rechargeable batteries to provide a long-lasting, reliable source 

of power. Rechargeable batteries used in external stimulation 

devices must be small and light enough to ensure user comfort, 

while providing sufficient capacity to withstand daily use [9]. 

As for the materials used in these devices, it is crucial to 

ensure that they are safe for the human body. This implies 

using biocompatible materials that do not cause adverse 

reactions or toxicity in the surrounding tissue. The materials 

used must be durable, corrosion resistant and able to withstand 

physiological conditions [10]. 
 

 
 

Fig. 6 Rechargeable batteries for cochlear implant 
 

D. Materials for coating and encapsulation 

Coating and encapsulation materials play a critical role in 

implants used to restore mobility in people with paralysis. 

These materials are used to protect the implant's electronic 

components, integrated circuits, and cables, and to ensure their 

safe and reliable operation within the human body. 

Biocompatible polymers are widely used in the 

manufacture of coatings and encapsulants due to their unique 

properties. These polymers are capable of resisting 

degradation and corrosion in the physiological environment, 

while being safe for the human body and not causing adverse 

or inflammatory reactions [11]. 

In addition to their biocompatibility, the polymers used in 

these implants must have adequate mechanical properties, 

such as tensile strength, flexibility, and durability, to withstand 

the dynamic conditions within the body [12]. 

 

 
 

Fig. 7 Smart Surgical Implant Coatings 

 

E. Brain implants and neural interfaces 

Brain implants and neural interfaces are advanced 

technologies used in the research and development of devices 

to restore mobility in people with paralysis. These implants 

allow direct communication between the brain and external 

devices, such as prostheses or stimulation systems, by sensing 

and interpreting neural signals [13]. 

Special electrodes are key components in brain implants 

and neural interfaces. These electrodes are precisely placed in 

the brain to record the electrical activity of neurons and enable 

two-way communication between the brain and external 

devices. The electrodes must be small and delicate enough to 

avoid damaging brain tissues and ensure accurate reading of 

neural signals. 

 

 

 
 

Fig. 8 Brain implant with microelectrodes 
 

III. ADVANCES IN REHABILITATION 

TECHNOLOGIES TO IMPROVE MOBILITY IN PEOPLE 

WITH PARALYSIS 

 

A. Brain-computer interfaces (BCI) 

They are devices that can translate brain signals into 

commands that can be used to control a variety of devices, 

including robotic limbs. In recent years, BCIs have been used 
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to help paralyzed people move their limbs and even walk [14]. 

 

 
Fig. 9 Brain-computer interfaces 

 

The constraints of BCI (Brain-Computer Interface) 

technology may stem from its reliance on the current state of 

neuroscience and engineering capabilities, which limit its 

range of application and efficiency. For instance, user 

satisfaction with existing BCI systems is relatively low, 

potentially leading to visual fatigue or cognitive strain for 

subjects or users. Certain BCI systems necessitate extensive 

learning and adjustment periods for subjects or users, while 

issues like decoding accuracy, stability, and response time 

deficiencies may curb their overall effectiveness or ease of use 

[15]. 
 

B. Spinal Cord Stimulation (SCS) 

It is a procedure that consists of implanting electrodes in 

the spinal cord. The electrodes emit electrical pulses that can 

block pain signals or stimulate muscles. SCS has been used to 

help people with spinal cord injuries regain some movement 

and sensation [16] [17]. 
 

 

 
Fig. 10 Spinal cord stimulator (SCS) 

 

Nevertheless, certain drawbacks of SCS (Spinal Cord 

Stimulation) have been noted in clinical settings, encompassing 

issues related to the equipment itself, such as potential contamination 

of the implanted leads or the pulse generator, as well as discomfort 

arising from pressure exerted by the implanted leads on the nervous 

system or discomfort from the implanted pulse generator [19] 

 

C. Regenerative medicine 

Regenerative medicine is a field of research that focuses 

on the repair of damaged tissues and organs. Researchers are 

working on developing treatments that can repair the damage 

caused by spinal cord injuries, which could lead to new ways 

to help paralyzed people walk again [20]. 

 

 
 

Fig. 11 Regenerative medicine 

 

D. Utah Array 

The Utah Array is a type of brain-computer interface 

(BCI) that is implanted directly into the brain. The array 

consists of hundreds of electrodes that can record 

electrical signals from the brain. These signals can be 

used to control a variety of devices, including robotic 

limbs [21]. 

 

 
Fig. 12 Basic operation of brain-computer interfaces 

 

E. ReWalk Exoskeleton 

The ReWalk exoskeleton is a wearable robotic device 

that enables paralyzed people to stand up and walk. The 

exoskeleton is controlled by a brain-computer interface 

or by a remote control. 

 

 
Fig. 13 Rewalk, an exoskeleton project that allows people to walk 

again. 

 

IV. RESULTS 

 

Brain-computer interfaces (BCIs) have been shown to be 

effective in helping people with spinal cord injuries to walk 

again. In a study published in 2019, a team of researchers from 
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the University of California, Berkeley were able to help a man 

with a spinal cord injury walk for the first time in 10 years 

using a BCI. The man was able to walk with the help of a 

robotic exoskeleton that was controlled by signals from his 

brain [22]. 

has also been Spinal cord stimulation (SCS) has been 

shown to be effective in helping people with spinal cord 

injuries to walk again. In a study published in 2018, a team of 

researchers from the University of Louisville was able to help 

a woman with a spinal cord injury walk for the first time in 15 

years using SCS. The woman was able to walk with assistance. 

A man in the Netherlands was able to walk again after 

wearing a BCI for 18 months. The man, who had been 

paralyzed from the waist down for 10 years, was able to walk 

with the help of a robotic exoskeleton controlled by brain 

signals. 

A woman in the United States was able to walk again 

after using SCS for 2 years. The woman, who had been 

paralyzed from the waist down for 15 years, was able to walk 

with the aid of a walker and cane. 

A man in Germany was able to walk again after receiving 

a spinal cord transplant. The man, who had been paralyzed 

from the waist down for 12 years, was able to walk with the 

aid of a walker and cane. 

 

V.  CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The ability to walk is essential for the performance of 

daily activities and the independence of people. Losing this 

ability can have a significant impact on quality of life and 

autonomy. Walking allows you to carry out basic tasks, 

participate in social activities and maintain good physical and 

mental health. 

To understand and address the importance of walking 

ability, it is necessary to develop effective treatments and 

promote early medical attention. Researchers must investigate 

how this ability relates to quality of life and independence, 

while medical professionals must work to prevent or treat 

injuries or illnesses that may affect it. 

In this context, the brain-spine interface (BCI) emerges as 

a promising technology to improve mobility in patients with 

spinal cord injuries. This technology is based on the ability to 

use brain activity to control external devices, such as 

exoskeletons or prostheses, and help patients walk again. 

CHF involves the placement of electrodes in the brain and 

spinal cord, which record brain activity and send electrical 

signals to external devices. These devices can stimulate 

muscles or send electrical signals directly to the spinal cord, 

thus improving mobility. 

Studies have shown the efficacy of ICC in improving 

mobility in patients with spinal cord injuries. For example, a 

recent study got a paraplegic patient to walk using an 

exoskeleton controlled by her brain. Another study 

demonstrated significant improvements in the mobility of 

patients with incomplete spinal cord injuries after electrical 

stimulation of the spinal cord using CHF. 

Despite its promising advantages, the ICC still faces 

significant challenges. Lighter and more portable external 

devices for daily use need to be developed, and further 

research is required to assess their long-term safety and 

efficacy. [twenty]. 

 

A. Study Results and Findings 

1) Challenges and Future of the ICC. 

 

The study of the brain-spine interface (BCI) has shown to 

be a promising technology to improve mobility in patients 

with spinal cord injuries. The results of the study have been 

very encouraging, as the patients have been able to control 

their legs through brain signals and experienced significant 

improvements in their ability to walk. 

In the study, two fully implanted systems were used that 

enable wireless, real-time recording of brain activity and 

stimulation of the lumbar and sacral spinal cord. Electrodes 

were placed on the patient's brain and spinal cord to record her 

brain activity and send electrical signals to an external device, 

such as an exoskeleton, that can help the patient move their 

legs. 

The results of the study showed that the patients were able 

to control their legs using brain signals. The patients were able 

to walk in an exoskeleton controlled by their brain and 

perform everyday tasks such as climbing stairs and getting up 

from a chair. Additionally, patients experienced significant 

improvements in their ability to walk after treatment. 

In particular, one of the paraplegic patients was able to 

walk more than 100 meters with the exoskeleton controlled by 

his brain. This result is very encouraging as it shows that CHF 

can be effective in improving mobility in patients with severe 

spinal cord injury. 

In addition, the effects of the treatment have been shown 

to be long-lasting. In another study, researchers used an ICC 

to electrically stimulate the spinal cord of patients with 

incomplete spinal cord injuries. After treatment, the patients 

were able to walk without assistance and experienced 

significant improvements in their mobility. 

Although the study results are very encouraging, there are 

still challenges that need to be addressed before CHF can be 

widely used in patients with spinal cord injuries. One of the 

biggest challenges is developing external devices that are 

portable and easy enough for patients to use. Furthermore, 

further studies are needed to determine the long-term safety 

and efficacy of CHF in different types of spinal cord injuries 

[23]. 

Another major challenge is the cost of treatment. 

Currently, CHF is an expensive technology and requires 

invasive surgery to implant the electrodes into the patient's 

brain and spinal cord. Therefore, more research is needed to 

develop less invasive and cheaper techniques to implant the 

electrodes. 

 



22nd LACCEI International Multi-Conference for Engineering, Education, and Technology: Sustainable Engineering for a Diverse, Equitable, and Inclusive Future at the Service 

of Education, Research, and Industry for a Society 5.0. Hybrid Event, San Jose – COSTA RICA, July 17 - 19, 2024. 6 

2) Personalization to Improve Results. 

 

Technology is an increasingly relevant topic in the field of 

medicine and health. In the field of spinal cord injury, it has 

been shown that personalization of devices can significantly 

improve treatment outcomes and quality of life for patients. 

One way the technology can be customized to suit the 

individual needs of patients is through the use of machine 

learning algorithms. These algorithms can analyze large 

amounts of patient data, including information about their 

injury, medical history, and movement patterns, to identify 

unique patterns and trends. With this information, customized 

programs can be developed to stimulate the nerves and 

improve patient mobility [24]. 

Another way the technology can be customized is through 

the use of wearable devices and sensors that continuously 

monitor patient movement. These devices can provide 

valuable information about how the patient moves in different 

situations and environments, which can help clinicians adjust 

nerve stimulation programs to better suit individual patient 

needs. 

Additionally, some researchers are exploring innovative 

ways to personalize the technology using advanced techniques 

such as 3D printing. For example, it has been shown that 

printing custom dentures using CT images of the patient can 

significantly improve their comfort and functionality. 

Although there are many potential benefits to customizing 

the technology to fit the individual needs of spinal cord injury 

patients, there are also significant challenges that need to be 

addressed. One of the biggest challenges is the need to collect 

and analyze vast amounts of patient data to develop 

personalized programs. This can require a great deal of time 

and resources, and can be difficult for patients who have 

difficulty moving or communicating. 

Another major challenge is the need to develop wearable 

devices and sensors that are small and comfortable enough for 

constant use by patients. Devices should be lightweight and 

discreet enough that patients can carry them with them at all 

times without feeling uncomfortable or restricted in their 

movements. 

In addition, it is important to take into account the 

individual needs of each patient when designing custom 

devices. For example, some patients may have problems with 

excessive sweating or sensitive skin, which can affect the 

comfort and effectiveness of the devices. Therefore, it is 

important to consider these factors when designing 

personalized devices to ensure they are safe and effective for 

each patient [25]. 

 

B. Comparison with previous studies 

 

1) Custom Restoration of Motor Control. 

 

Spinal cord injuries are one of the most devastating 

injuries that can occur in the human body. Loss of ability to 

walk and move can have a significant impact on patients' 

quality of life. Over the years, a great deal of research has 

been done to find ways to rehabilitate gait in patients with 

spinal cord injuries. 

The current study focuses on the use of a wireless 

cerebrospinal interface to restore motor control in patients 

with spinal cord injuries. The results of the study are very 

promising and suggest that this technology may be effective in 

restoring the ability to walk and move in severely injured 

patients. 

Compared with previous research, this study is unique due 

to its innovative and personalized approach. Rather than using 

conventional techniques such as physical or occupational 

therapy, this study uses advanced technology to restore motor 

control. Additionally, this study specifically focuses on 

severely injured patients who have completely lost their ability 

to walk and move. 

In previous studies, different techniques and approaches 

have been used to rehabilitate gait in patients with spinal cord 

injuries. Some studies have used conventional physical 

therapy, while others have used advanced technologies such as 

robotic exoskeletons or functional electrical stimulation (FES). 

Although these studies have shown some success, none have 

been successful in fully restoring motor control in severely 

injured patients. 

Furthermore, many previous studies have not been 

customized to the individual needs of each patient. Instead, 

blanket approaches have been used that do not take into 

account individual differences in injury severity or the specific 

needs of each patient. 

Compared to these previous studies, the current study is 

more personalized and focuses specifically on severely injured 

patients. In addition, it uses advanced technology and an 

innovative approach to restore motor control. The results of 

the study suggest that this technology may be effective in 

restoring the ability to walk and move in severely injured 

patients. However, it is important to note that this study is still 

in its early stages and more research is needed to determine its 

long-term effectiveness and applicability to a broader 

population of SCI patients. 

 

2) Personalized and Precise Motor Control. 

 

The Brain-Spine Interface (BSI) is an innovative and 

personalized approach to rehabilitate gait in patients with 

severe spinal cord injuries. Compared to other approaches, 

such as functional electrical stimulation (FES) and 

conventional rehabilitation, BSI has several potential 

advantages. 

a) First, the BSI allows for more precise and 

personalized motor control than other approaches. Using a 

brain-machine interface (BMI), patients can directly control 

their lower extremity movement using brain signals. This 

means that patients can adjust the timing and amplitude of 

their muscle activity to accommodate different terrain and 
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volitional demands. By comparison, FES uses electrical 

impulses to stimulate lower extremity muscles, which can be 

less precise and less adaptable to different situations. 

Conventional rehabilitation may also be less personalized and 

adaptive, as it relies primarily on repetitive exercises [26]. 

b) Second, BSI may have longer lasting effects than 

other approaches. By allowing patients to directly control their 

muscle activity using brain signals, more lasting changes may 

occur in the brain and spinal cord. These changes could further 

improve motor control long-term after treatment. By 

comparison, both FES and conventional rehabilitation may 

have more limited or temporary effects. 

c) Third, BSI may be more secure than other 

approaches. By using a brain-machine interface, it is possible 

to avoid some of the potential side effects associated with 

direct electrical stimulation of the spinal cord or peripheral 

nerves. Furthermore, by allowing patients to directly control 

their muscle activity, it is possible to reduce the risk of 

musculoskeletal injuries associated with conventional 

rehabilitation. 

long-lasting in the brain and spinal cord. These changes 

could further improve motor control long-term after 

treatment. By comparison, both FES and conventional 

rehabilitation may have more limited or temporary effects. 

d) Third, BSI may be more secure than other 

approaches. By using a brain-machine interface, it is possible 

to avoid some of the potential side effects associated with 

direct electrical stimulation of the spinal cord or peripheral 

nerves. Furthermore, by allowing patients to directly control 

their muscle activity, it is possible to reduce the risk of 

musculoskeletal injuries associated with conventional 

rehabilitation. 

 
C. Study limitations 

1) Limitations and Future Research. 

 

The present investigation has demonstrated the feasibility 

of cerebrospinal interface (BSI) directed epidural electrical 

stimulation for restoring motor function in patients with spinal 

cord injuries. However, it is important to keep in mind the 

limitations of the study and the implications for future 

research. 

One of the main limitations of the study is the limited 

sample size. The validation of this technique was carried out 

in a single individual with severe partial damage of the spinal 

cord. Although the results are promising, they cannot be 

generalized to a broader population without further 

investigation. Studies with larger and more diverse samples 

are needed to assess the long-term efficacy and safety of this 

technique. 

Furthermore, although BSI has been shown to be effective 

in patients with both incomplete and complete injuries, it is 

not yet clear whether it will be applicable to other locations 

and degrees of injury. More research is needed to evaluate its 

efficacy in different types of spinal cord injuries. 

Another important limitation of the study is that invasive 

surgery is required to implant the electrodes in the brain and 

spinal cord. This can increase the risk of surgical 

complications and limit the accessibility of treatment for some 

patients. Additionally, the cost associated with this technique 

may be prohibitive for some patients or healthcare systems. 

Importantly, although some limitations have been 

identified, preliminary results are promising and suggest that 

BSI has the potential to significantly improve the quality of 

life of patients with spinal cord injuries. BSI allows patients to 

directly control their muscle activity using brain signals, 

which can achieve greater personalization and adaptability of 

treatment. In addition, by allowing patients to directly control 

their muscle activity through brain signals, it is possible to 

achieve more lasting changes in the brain and spinal cord. 

Regarding implications for future research, further studies 

are needed to assess the long-term efficacy and safety of BSI 

in a broader population. 

Furthermore, studies are needed to assess the 

effectiveness of BSI in combination with other rehabilitation 

therapies, such as physiotherapy and occupational therapy. It 

is also important to investigate the long-term effects of BSI on 

the patient's quality of life, including their ability to perform 

activities of daily living and their independence. 

Another important area of research is the development of 

less invasive technologies to implant the electrodes required 

for BSI. This could reduce the risk of surgical complications 

and make treatment more accessible to a larger number of 

patients [27]. 

 

2) Rigidity, coordination and technological advances. 

 

Stiffness and incoordination in movement are important 

limitations to consider in the treatment of patients with spinal 

cord injuries. These limitations can be caused by a variety of 

factors, including loss of muscle control and decreased tactile 

sensitivity. 

Muscle stiffness is a common problem in patients with 

spinal cord injuries. This is because the muscles are not 

receiving proper signals from the brain and spinal cord, which 

can lead to constant muscle contraction. Stiffness can affect 

any part of the body, but it is most common in the lower 

extremities. Also, stiffness can make movement difficult and 

increase the risk of falls. 

Lack of coordination in movement is also a common 

problem in patients with spinal cord injuries. This is because 

the muscles are not working together effectively to produce 

smooth, coordinated movements. Lack of coordination can 

affect any part of the body, but it is most common in the lower 

extremities. Additionally, lack of coordination can make 

movement difficult and increase the risk of falls [28]. 

To address these limitations, several innovative therapies 

and technologies have been developed. One promising therapy 

is functional electrical stimulation (FES), which uses electrical 

impulses to stimulate weakened or paralyzed muscles. FES 
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has been shown to be effective in improving muscle strength, 

reducing stiffness, and improving movement coordination in 

patients with spinal cord injuries. 

Another innovative technology is the brain-machine 

interface (CMI), which allows patients to control external 

devices, such as prostheses or wheelchairs, using brain signals. 

ICM has been shown to be effective in improving mobility 

and independence in patients with spinal cord injuries. 

In addition, more advanced technologies are being 

developed, such as spinal epidural stimulation (SES) and 

peripheral nerve stimulation (ENP), which aim to restore 

motor function in patients with spinal cord injuries. EES 

involves the placement of electrodes on the surface of the 

spinal cord to stimulate the nerves that control the muscles. 

ENP involves placing electrodes directly on peripheral nerves 

to stimulate muscles. 

These advanced technologies have shown promise in 

preclinical and clinical studies. For example, a recent study 

showed that SES significantly improved motor function in 

patients with incomplete spinal cord injuries. Another study 

showed that ENP significantly improved muscle control and 

reduced stiffness in patients with complete spinal cord injuries. 

[11] 

Despite these advances, there are still significant 

challenges that need to be addressed to further improve the 

treatment of patients with spinal cord injuries. For example, it 

is important to develop therapies and technologies that are 

more accessible and affordable for patients. In addition, 

further studies are needed to better understand how these 

therapies and technologies may affect patients in the long term 

[28]. 

 

3) Side effects, intrusive nature and enhancements. 

 

Restoration of motor function in patients with spinal cord 

injuries is a constantly evolving field of research. As new 

therapies and technologies are developed, it is important to 

consider the potential side effects and the intrusive nature of 

the treatment. 

One of the main challenges in treating patients with spinal 

cord injuries is minimizing side effects. For example, 

functional electrical stimulation (FES) can cause muscle 

fatigue and pain. Additionally, some patients may experience 

psychological side effects, such as anxiety or depression, due 

to the invasive nature of the treatment. 

It is important that researchers carefully consider these 

potential side effects when designing clinical trials and 

evaluating the efficacy of therapies and technologies. Studies 

should include objective and subjective measures to assess 

both the benefits and possible side effects of treatment. 

Another important factor to consider is the intrusive nature 

of the treatment. Many therapies and technologies require 

surgery or implantation of medical devices into the patient's 

body. This can be a traumatic experience for some patients 

and can affect their quality of life. 

It is important that researchers work closely with patients 

to better understand their needs and concerns. Clinical studies 

should include measures to assess the psychological impact of 

treatment on patients, as well as their general quality of life. 

In addition, it is important that therapies and technologies 

are as non-invasive as possible. For example, they are 

developing. 

technologies that use transcutaneous electrical stimulation 

(TENS) instead of FES. TENS uses electrodes placed on the 

skin to stimulate nerves and muscles, which can reduce pain 

and muscle fatigue associated with FES. 

 

D. Clinical implications and future directions 

 

1) Promising results, significant clinical implications. 

 

The results of the study on the brain-spine interface (BSI) 

are very promising for the restoration of motor function in 

patients with spinal cord injuries. The ability to control spinal 

cord stimulation by brain signals could have significant 

clinical implications for the treatment of patients with spinal 

cord injuries. 

First, the study results suggest that BSI is safe and well 

tolerated by patients. This is an important step towards the 

clinical implementation of this technology. Furthermore, the 

results indicate that BSI can significantly improve motor 

function in patients with spinal cord injuries. 

BSI also has the potential to improve other aspects of the 

health and well-being of patients with spinal cord injuries. For 

example, some studies have shown that electrical stimulation 

can improve bladder and bowel control in patients with spinal 

cord injuries. The BSI could further enhance these effects by 

allowing greater control over the muscles involved in these 

processes. 

Another possible clinical application of the BSI is in the 

treatment of chronic pain. Some studies have shown that 

electrical stimulation can reduce chronic pain in some patients. 

BSI could be a more effective and precise way to deliver this 

therapy by allowing more control over the specific areas of the 

body affected by pain. 

However, there are several challenges that need to be 

addressed before BSI can be widely implemented in medical 

practice. One of the main challenges is to develop more 

advanced technologies to detect and decode brain signals. In 

addition, larger and more rigorous clinical studies are needed 

to evaluate the safety and efficacy of BSI in a broader 

population of patients with spinal cord injuries [28]. 

 

2) Further research, precision, calibration, understanding, 

clinical studies 

 

Despite the potential benefits of the brain-spine interface 

(BSI) in patients with spinal cord injuries, several limitations 

have been identified that need to be addressed to improve its 

long-term efficacy. Therefore, additional research is needed to 
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address these limitations and improve treatment efficacy. 

One of the main limitations is the accuracy of the 

detection and decoding of brain signals. The BSI depends on 

the ability to accurately detect and decode 

brain signals to control stimulation of the spinal cord. 

However, there are currently limitations in the technology 

used to detect and decode these signals, which may negatively 

affect the efficacy of the treatment. 

Another limitation is the time required to calibrate the BSI 

system. Currently, significant time is required to calibrate the 

BSI system before it can be used by a patient. This can be a 

significant obstacle to its use in clinical settings where time is 

critical. 

In addition, a greater understanding of how changes in 

brain signals may affect spinal cord stimulation is needed. 

Currently, it is not fully understood how changes in brain 

signals can affect long-term spinal cord stimulation. 

Additional research is needed to better understand these 

processes and improve the efficacy of treatment. 

Finally, larger and more rigorous clinical studies are 

needed to evaluate the long-term safety and efficacy of BSI 

treatment in a broader population of patients with spinal cord 

injuries. Currently, most studies have been performed in a 

limited number of patients, and larger studies are needed to 

assess the efficacy of long-term treatment. 

 

3) Advanced technologies, portability, electrical 

stimulation, therapeutic integration 

Despite significant advances in brain-spine interface (BSI) 

technology, there are still limitations that need to be addressed 

to improve its efficacy and reduce the cost and complexity of 

treatment. In this regard, various future enhancements and 

advancements in technology are being explored. 

One possible improvement is the development of more 

advanced technologies to detect and decode brain signals. 

Currently, the accuracy of the detection and decoding of brain 

signals is a major limitation in the use of BSI. New 

technologies, such as more advanced electrodes and more 

sophisticated signal processing algorithms, are being 

investigated to improve the accuracy of the system. 

Another possible improvement is the development of 

more portable and user-friendly BSI systems. Currently, the 

BSI system calibration process can be lengthy and 

complicated, which can limit its use in clinical settings. New 

technologies are being investigated that allow faster and easier 

calibration of the system, as well as more portable BSI 

systems that can be used by patients at home. 

In addition, new forms of electrical stimulation are being 

explored that may further improve the effectiveness of the 

treatment. For example, the use of specific patterns of 

electrical stimulation that can mimic natural patterns of 

muscle activity is being investigated. 

New ways to integrate BSI with other therapies are also 

being investigated to further improve treatment outcomes. For 

example, the combined use of the BSI with physical and 

occupational rehabilitation therapies is being investigated to 

improve functional recovery in patients with spinal cord 

injuries. 

 

E. Conclusion 

1) Significant advance, restore motor function, quality of 

life 

The recent study on the brain-spine interface (BSI) has 

proven to be a significant advance in the field of spinal cord 

injury. BSI is a technology that enables communication 

between the brain and spinal cord through the use of 

electrodes implanted in the brain and electrical stimulation of 

the spinal cord. The study has shown that this technology can 

restore motor function in patients with spinal cord injuries or 

neurological diseases that affect movement. 

Key findings from the study include the ability of chronic 

quadriplegia patients to regain the ability to walk naturally in 

community settings after the use of BSI. Furthermore, the BSI 

system has been shown to be highly reliable and can be 

calibrated in a matter of minutes. 

The relevance of study lies in its potential to significantly 

improve the quality of life of patients with spinal cord injuries 

and neurological diseases. The ability to regain lost motor 

functions can have a positive impact on many aspects of daily 

life, such as independence, mobility, and social relationships. 

Furthermore, this study has important implications for 

future research on spinal cord injury and neurological diseases. 

BSI technology is a promising tool to study how the brain 

works and how lost motor functions can be restored after 

spinal cord injury or neurological disease. 

 

2) Promising technology, quality of life, motor function, 

spinal cord injury research 

Brain-Spine Interface (BSI) is a promising technology 

that offers hope to people with severe spinal cord injuries. BSI 

allows communication between the brain and spinal cord 

using electrodes implanted in the brain and electrical 

stimulation of the spinal cord. This technology has been 

shown to be capable of restoring motor function in patients 

with spinal cord injuries or neurological diseases that affect 

movement. 

The importance of the BSI lies in its ability to 

significantly improve the quality of life of patients with severe 

spinal cord injuries. Spinal cord injuries can have a 

devastating impact on daily life, limiting mobility, 

independence, and the ability to perform daily activities. The 

BSI offers a promising solution to restore lost motor functions 

and significantly improve the quality of life of patients [10]. 

Furthermore, this technology has important implications 

for future research on spinal cord injury and neurological 

diseases. The BSI is a valuable tool for studying how the brain 

works and how lost motor functions can be restored after 

spinal cord injury or neurological disease. 

It is important to highlight that, although there is still 

much to be researched on this technology, the results so far are 
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very encouraging. The recent study on BSI has shown that this 

technology may enable patients with chronic quadriplegia to 

regain their ability to walk naturally in community settings 

after the use of BSI. Furthermore, the BSI system has been 

shown to be highly reliable and can be calibrated in a matter 

of minutes. 

 

3) Research, accessibility, optimization, cost, 

calibration. 

Despite the promising results of the brain-spine interface 

(BSI), it is important to note that there is still much research 

and development to be done in this field to further improve 

treatment outcomes and accessibility. 

First, more research is needed to better understand how 

the BSI works and how its use can be optimized. Further 

studies are needed to determine the long-term efficacy of the 

BSI and how its accuracy and reliability can be improved. 

In addition, it is important to consider the accessibility of 

treatment. Currently, the cost of BSI is prohibitive for many 

patients, limiting their ability to access this promising 

technology. Additional efforts are needed to reduce the cost of 

the BSI and make it more accessible to a broader population. 

Further research is also needed on how the BSI calibration 

process can be improved. While the current system is highly 

reliable and can be calibrated in a matter of minutes, there is 

still room to improve this process and make it more efficient. 
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