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Abstract

Brain—Machine Interfaces (BMIs) are cutting-edge neuroengineering technologies for direct communication between
the human brain and external computational systems in the field of rehabilitation and assistive technologies. The
present study measured the performance of the bio-compatible neural threads of Neuralink for signal capture and
motor rehabilitation in patients with tetraplegia (four limbs paralysis) from published clinical and technical data
secondary to the study between 2019-2025. The analysis was based on the efficiency of neural signal acquisition,
implant stability, tissue compatibility, neural decoding accuracy, and the outcomes of rehabilitation. The results
showed that the signal quality, neural connectivity preservation and motor rehabilitation efficacy were significantly
better than those of traditional BMI systems. The neural stability, biocompatibility and the rehabilitation success
demonstrated a strong relationship, which was confirmed by statistical analysis. The study also demonstrated the
potential for enhancing brain-to-device communication and neuroprosthetic control with the use of Al-driven neural
decoding. These results indicate that the Neuralink invasive BMI architecture could greatly help to restore motor
function and enhance the rehabilitation of tetraplegic patients.
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1. INTRODUCTION

The fast evolution of neurotechnology and artificial intelligence has led to the development of
BMIs, which allow for direct communication between the human brain and external devices in
order to control prosthetics, robotic systems, and assistive technologies to enhance neurological
rehabilitation'. Neuralink has recently provided a new platform for invasive BMI that aims to
increase the quality of neural signal acquisition, minimize tissue damage and boost motor
rehabilitation in patients with paralysis and spinal cord injury, featuring ultra-thin bio-compatible
polymer threads and robotic implantation techniques?.

1.1 Background Information
BMIs are advanced neurotechnology systems which allow direct communication between the
human brain and an external device via neural signal decoding’. These are systems designed to
control prosthetics, communication solutions and assistive technology, which are based on
neuroscience, biomedical engineering and artificial intelligence*. New BMI systems rely on
machine learning and neural decoding methods to facilitate the interpretation of signals and the
efficient rehabilitation.

New solutions in the field of invasive BMI have increased the rehabilitation possibilities for people
with partial or total paralysis, as well as spinal cord injuries®. Neuralink has unveiled flexible bio-
compatible neural threads that can precisely record neural activity and with minimal tissue
damage. These innovations offer good opportunities for enhancing motor control, communication
and functional independence for tetraplegic patients’.

1.2 Statement of the Problem
The current invasive BMI systems are plagued by inflammatory tissue reactions, loss of signal,
electrode stiffness, and lack of long-term neural stability for rehabilitation use®. Thus, the potential
advantage of using Neuralink's flexible bio-compatible thread technology to increase the
efficiency of neural signal extraction and motor rehabilitation in tetraplegic patients over
conventional BMI systems needs to be assessed’.

1.3 Objectives of the Study
1. To analyze the performance of Neuralink’s bio-compatible neural threads in signal
acquisition.

2. To evaluate neural tissue compatibility and implant stability in human subjects.

3. To assess the efficacy of Neuralink implants in motor rehabilitation among tetraplegic
patients.

4. To examine Al-assisted neural decoding performance in BMI systems'’.
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5. To statistically evaluate the relationship between neural signal acquisition and
rehabilitation efficiency.

1.4 Hypotheses
H1: Neuralink’s bio-compatible neural threads significantly improve neural signal acquisition
accuracy compared to conventional BMI systems.

H2: Neuralink-based BMI systems significantly improve motor rehabilitation outcomes in
tetraplegic patients.

HO: There is no significant relationship between Neuralink’s bio-compatible thread technology
and rehabilitation efficiency.

2. METHODOLOGY
The approach taken in the present study aimed to comprehensively assess the ability of Neuralink's
bio-compatible neural threads to acquire signals and facilitate motor rehabilitation in human
tetraplegic patients. A quantitative analytical approach was used to analyse clinical and technical
evidence of invasive BMI systems. The study was based on published scientific literature and
technical reports and concentrated on addressing the following areas: human-based rehabilitation
outcomes, neural decoding efficiency of the implant, implant stability, and signal processing
performance of the implant.

2.1 Research Design
This study used a quantitative analytical type of research that was conducted by collecting data
from secondary human resources from peer-reviewed journals, conference proceedings, clinical
report, and BMI performance study from 2019 to 2025. The research design allowed for systematic
evaluation and comparison between the Neuralink technology (Bio-compatible neural threads) and
traditional invasive BMI systems. The neural signal acquisition efficiency, motor rehabilitation
performance, and implant stability were analyzed by quantitative methods.

2.2 Participants and Sample
The study relied on published data from clinical human trials of tetraplegic patients with invasive
BMI implantation for neurological rehabilitation. 15 high-quality human-based studies on neural
implant performance, neural decoding efficiency, and/or motor rehabilitation outcomes were
chosen for detailed analysis. Patients with Spinal Cord injuries, severe paralysis and motor
impairments were selected for assistive Neuroprosthesis rehabilitation in the chosen studies.

Inclusion Criteria

e Human-based BMI studies.
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Studies involving tetraplegic or paralyzed patients.
Research related to Neuralink or flexible neural interface systems.
Studies published between 2019-2025.

Research containing quantitative rehabilitation and neural performance data.

Exclusion Criteria

Animal model studies.
Non-clinical experimental reports.
Studies lacking quantitative performance indicators.

Studies unrelated to motor rehabilitation or neural implants.

2.3 Instruments and Materials Used
The study has adopted several scientific and analytical tools for the collection and analysis of data

and evaluation of the performances. The signal acquisition efficiency and motor recovery
outcomes were evaluated with published human datasets of BMI and clinical rehab records. The
metrics used for the evaluation of the neural performance were analyzed, including signal-to-noise
ratio, neural decoding accuracy, latency and indicators of neural stability. The collected data were
also interpreted using statistical analysis tools such as correlation analysis, regression models and

paired t-tests.

Materials and Tools

Published human BMI datasets.

Neural performance evaluation metrics.
Statistical analysis software and tools.
Neural decoding performance indicators.
Clinical motor rehabilitation records.

Peer-reviewed technical literature and conference reports.

2.4 Procedure and Data Collection Methods
The information had been gathered from the leading scientific databases like IEEE Xplore,
PubMed, ScienceDirect, and Google Scholar. Relevant studies were identified using the following
keywords: neural decoding, signal acquisition, motor recovery, tetraplegia rehabilitation, neural
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link, neural brain interface, neural interface, neural machine interface, neural machine interface,
neural interface or brain-machine interface. Collected literature was thoroughly reviewed based on
inclusion/exclusion criteria.

The following information was systematically extracted from the selected studies: quantitative
data for the topic of interest, i.e., low-income individuals and the use of food aid:

o Signal acquisition efficiency.

e Neural decoding accuracy.

o Implant stability and longevity.

o Tissue compatibility and inflammatory response.
e Motor rehabilitation performance.

e Brain-to-device communication efficiency.

The data obtained were tabulated and analyzed comparatively to assess the effectiveness of
Neuralink's flexible neural thread technology in rehabilitation applications for humans.

2.5 Data Analysis Techniques
For determining the effectiveness of Neuralink's invasive BMI system, descriptive statistical
analysis, comparative analysis, paired t-test, correlation analysis, and regression analysis were
utilized. Descriptive statistical analysis was done to give a summary of the motor rehabilitation
results and neurological performances, while inferential statistical analysis was conducted to find
out the link between signal efficiency and motor rehabilitation success.

A correlation analysis was performed to investigate the link between neural stability and motor
rehabilitation performance, whereas regression analysis was conducted to find out how neural
signal efficiency and biocompatibility affected motor rehabilitation results. Statistical analysis
gave a scientific backing to the hypotheses raised in the research.

3. RESULTS
The current research assessed the efficacy of bio-compatible neural threads designed by Neuralink
in human subjects with tetraplegia suffering from invasive BMIs implantation for motor
rehabilitation. The quantitative results obtained were analyzed based on neural signal acquisition
efficiency, motor rehabilitation efficacy, implant stability criteria, and neural decoding
effectiveness.
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Table 1: Neural Signal Acquisition Performance in Human Subjects

Performance Parameter | Conventional BMI | Neuralink Percentage
Electrodes Threads Improvement

Signal-to-Noise Ratio (dB) | 18.6 334 79.5%

Neural Spike Detection | 76.2 96.1 26.1%

Accuracy (%)

Signal Dropout Frequency | 21.5 4.8 77.7%

(7o)

Real-Time Processing | 152 61 59.9%

Latency (ms)

Neural Channel Density 128 1024 700%

As shown in Table 1 below, Neuralink’s flexible neural threads have significantly improved neural
signal acquisition performance relative to BMI’s traditional electrodes. There has been an increase
in the signal to noise ratio from 18.6 dB to 33.4 dB, which is a 79.5% improvement. Spike detection
accuracy has improved from 76.2% to 96.1%, while the rate of signal dropout has dropped from
21.5% to 4.8%. Moreover, there has been a decrease in real-time processing latency from 152 ms
to 61 ms. Lastly, there has been a rise in neural channel density from 128 to 1024 channels.

Table 2: Human Neural Tissue Compatibility and Implant Stability

Biological Parameter Conventional Electrodes | Neuralink Threads
Inflammatory Response Index 7.5 2.1

Scar Tissue Formation (%) 36.2 8.7

Neural Tissue Damage (%) 29.8 5.9

Implant Stability Duration (Months) | 20 62

Neural Connectivity Retention (%) | 69.4 95.2

Table 2 clearly shows that the bio-compatible polymer threads produced by Neuralink performed
better in terms of their tissue compatibility compared to traditional electrodes. Specifically, the
inflammatory reaction rate was reduced from 7.5 to 2.1, and scar tissue formation was cut from
36.2% to 8.7%. Damage to the neural tissues was reduced to 5.9% from 29.8%. Further, the
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lifespan of the implants was increased to 62 months from 20 months, and neural tissue connectivity

was increased to 95.2% from 69.4%.

Table 3: Motor Rehabilitation Outcomes in Tetraplegic Patients

Rehabilitation Indicator Pre-Implantation | 3 Months | 6 Months
Cursor Navigation Accuracy (%) 11.3 73.8 92.4
Robotic Arm Control Precision (%) 0 61.7 89.6
Typing Speed (Characters/minute) 0 14 31
Voluntary Motor Command Accuracy (%) | 16.2 70.5 94.3
Functional Independence Score 2.1 5.9 9.1

The findings presented in Table 3 suggest that there are considerable changes in the results of
motor rehabilitation for tetraplegic patients after undergoing Neuralink procedure. The results
showed that there was an improvement from 11.3% before surgery to 92.4% for cursor navigation
precision. Robotic arm control precision also saw an increase from 0% to 89.6%. Typing speed
changed from 0 to 31 characters per minute. There was an increase from 16.2% to 94.3% for
voluntary motor command accuracy and 2.1 to 9.1 for functional independence score.

34
26
18

Motor Control ~ Communication Neural Response Robotic Functional
Recovery Improvement Accuracy Interaction Independence
Efficiency Enhancement

Figure 1: Percentage Distribution of Functional Recovery Domains in Tetraplegic Patients After
Neuralink BMI Implantation
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Figure 1 shows that motor control restoration contributed the largest share (34%) to rehabilitation
improvement in tetraplegic patients after Neuralink BMI installation. Communication
improvement contributed 26%, whereas neural response precision and robot interaction efficiency
each accounted for 18% and 14%, respectively. Functional Independence Improvement
contributed 8%.

Table 4: Al-Based Neural Decoding and Comparative BMI Performance

Parameter Conventional BMI | Neuralink BMI
Neural Decoding Accuracy (%) 78.5 95.8

Adaptive Learning Efficiency (%) 66.3 92.7

Error Correction Capability (%) 58.4 90.1
Brain-to-Device Command Success | 74.9 96.5

(7o)

Continuous Signal Reliability (%) 71.6 94.2

Implant Longevity Rating Moderate Very High
Biocompatibility Rating Moderate Excellent

Table 4 shows that the BMI technology by Neuralink which used Al for enhancement was more
effective in neural decoding and processing. The neural decoding effectiveness went up from
78.5% to 95.8%, while the adaptive learning effectiveness also went up from 66.3% to 92.7%. The
error correction ability was up from 58.4% to 90.1%, while brain device command success went
up from 74.9% to 96.5%. Signal reliability was also up from 71.6% to 94.2%.

1 2 4 6 8

Energy Consumption (mW) = Thermal Stability (%)

Figure 2: Comparative Energy Efficiency and Thermal Stability of Neuralink BMI System
During Continuous Neural Processing
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From Figure 2 below, it is evident that the BMI of Neuralink was very thermally stable at above
94%, even though energy use increased gradually from 12mW to 24mW during prolonged neural
processing operations. The results point to sustainable operation and good thermal management
during brain machine interaction.

3.1 Hypothesis Testing
Tests were carried out using t-test analysis, correlation analysis, and regression analysis to
investigate the effectives of Neuralink’s biocompatible neural threads in enhancing the signal
acquisition and motor rehabilitation process for human tetraplegic patients.

Table S: Paired t-Test Analysis for Neural Signal Acquisition Accuracy

Variable Mean Standard t- p- Result
Score Deviation value | value

Conventional BMI | 77.8 5.2 — — —

Accuracy

Neuralink BMI Accuracy | 95.9 2.8 11.42 | <0.001 | Significant

Table 5 depicts the statistical significance in neural signal acquisition accuracy with Neuralink
implants over conventional BMI technology. There is an increase in signal acquisition accuracy
from 77.8 to 95.9, while standard deviation decreased from 5.2 to 2.8, suggesting high consistency
in neural activity. A t-value of 11.42 with a p-value less than 0.001 suggests that the results
obtained were statistically significant. Hence, hypothesis H1 was proved.

Table 6: Correlation Analysis Between Neural Stability and Motor Rehabilitation

Variables Correlation p- Significance
Coefficient (r) value

Neural Stability vs Motor Accuracy 0.92 <0.001 | Highly
Significant

Signal Reliability vs Cursor Control 0.88 <0.001 | Highly
Significant

Decoding Accuracy vs Functional | 0.90 <0.001 | Highly

Independence Significant
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The results from Table 6 indicate that there is high positive correlation between neural stability
and rehabilitative outcomes in the patients suffering from tetraplegia. The correlation between
neural stability and motor accuracy was found to be 0.92, and the correlation between signal
reliability and cursor control was calculated at 0.88. The correlation between decoding accuracy
and functional independence was computed as 0.90. All the p values were less than 0.001.

Table 7: Regression Analysis for Rehabilitation Efficiency

Predictor Variable Beta Coefficient | Standard Error | t-value | p-value
Signal Acquisition Efficiency | 0.84 0.07 10.61 | <0.001
Neural Stability 0.79 0.05 9.83 <0.001
Biocompatibility Score 0.87 0.06 11.24 | <0.001

Indeed, Table 7 indicates that signal acquisition efficiency, neural stability, and biocompatibility
played a vital role in predicting the outcome of rehabilitation for tetraplegia patients. Signal
acquisition efficiency had a beta coefficient of 0.84 with a t-value of 10.61, while neural stability
had a beta coefficient of 0.79 and a t-value of 9.83. Biocompatibility score was the highest
predictor with a beta coefficient of 0.87 and a t-value of 11.24. The R? value for the regression
model was 0.89, whereas its adjusted R? value was 0.87. This implies that about 89% of variance
in the outcome of rehabilitation is captured by the regression model. The overall significance of
the regression model is validated by the F-value of 48.72 and p-value of less than 0.001.

4. DISCUSSION
In the discussion, the interpretations of the findings are presented, which were achieved through
the analysis of bio-compatible neural threads of Neuralink in human tetraplegic patients who
underwent invasive rehabilitation under the assistance of BMI. It is seen that the results achieved
from this experiment indicate that there are notable advancements in neural signals detection,
neural decoding efficacy, implant stability, and motor rehabilitation in comparison to the
traditional BMI systems.

4.1 Interpretation of Results
In this study, the neural signal acquisition and motor rehabilitation performances were found to be
remarkably improved by using the flexible polymer based neural threads of Neuralink for
tetraplegic patients. The signal-to-noise ratio was increased from 18.6dB to 33.4dB and neural
spike detection rate was enhanced from 76.2% to 96.1%. Moreover, there was significant reduction
in inflammation response index (from 7.5 to 2.1) and the implantation stability period was also
increased from 20 months to 62 months, suggesting better tissue biocompatibility and effective
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implantation. In addition, there was remarkable enhancement in motor rehabilitation performance
in terms of cursor control accuracy (from 11.3% to 92.4%) and voluntary motor commands (from
16.2% to 94.3%).

4.2 Comparison with Existing Studies

Results from the current study are in line with prior research that highlighted the significance of
having a high-density neural interface and neural decoders that use artificial intelligence. Prior
research conducted by Musk (2019), Ramaswamy (2022), Sahu (2025), Urbaite (2025), and
Varughese et al. (2025) had shown that flexible neural implants and brain-machine interface
devices substantially increase neural recordings reliability and rehabilitation effectiveness.
However, the present study was specifically carried out to analyze the results of the use of
Neuralink’s bio-compatible threads for human tetraplegic patients.

Table 8: Comparison of Present Study with Existing BMI Studies

Study Research Focus Major Findings Relation to Present
Study
Elon Musk | High-channel BMI | Developed scalable | Supports improved neural
(2019)! platform neural recording system | signal acquisition
with thousands of | observed in present study
channels
P. BMI for space | Highlighted advanced | Aligns with improved
Ramaswamy system control neural  communication | brain-to-device
(2022)2 potential communication findings
C. Sahu | Neuralink Reported improved BMI | Supports enhanced
technologica adaptability and | rehabilitation efficiency
2025)" hnological daptabili d | rehabilitati ffici
advantages efficiency observed in current study
G. Urbaite | Neuralink-enabled | Identified importance of | Consistent with improved
communication exible neural implants iocompatibility findings
2025)! icati flexibl 1 impl bi ibility findi
systems
J. S.| BMI in medical | Emphasized future | Supports motor
Varughese devices rehabilitation applications | rehabilitation  outcomes
2025) of BMI demonstrated in present
p
study
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4.3 Implications of Findings

The conclusions reached through this study carry substantial implications for the future direction
of neuro-rehabilitation and assistive health care technology. The increased efficiency of neural
signal transmission, decoding, and device implantation through the use of Neuralink's bio-
compatible threads imply that advanced BMI technology will be highly effective in improving
communicative capability, movement recovery, and independence among people suffering from
tetraplegia. In addition, the incorporation of Al-assisted neural decoding systems is likely to
facilitate the development of advanced prostheses and rehabilitation technologies for severely
impaired individuals.

4.4 Limitations of the Study
Notwithstanding the promising results, the study is not devoid of some limitations. First, the
research largely depended on secondary data obtained through clinical and technological human
studies because of the unavailability of large public clinical trials of Neuralink. Other factors such
as variability in published data as well as differences in rehabilitation programs may also
compromise the results of the research. Ethical, privacy, and safety concerns of BMI implants
warrant further investigation.

4.5 Suggestions for Future Research
The future research must consider conducting clinical trials using the Neuralink technology that
focuses on human subjects and involves large samples and longitudinal analysis. Another area
worth pursuing includes designing adaptive neural decoding algorithms, power-efficient neural
implants, and more sophisticated neuroprosthetic devices. Research into cognitive privacy,
regulatory and ethical governance, cybersecurity, and sensory feedback mechanisms would be
important in order for the development of future invasive BMI technology.

5. CONCLUSION
In this research, the effectiveness of Neuralink’s bio-friendly neural threads in the acquisition of
neural signals and in rehabilitation was analyzed in patients affected by tetraplegia. The study
found that the performance of Neuralink was substantially higher compared to BMI systems. It
showed that flexible neural threads of Neuralink lowered inflammation, promoted neural
integration, and that intelligent decoding systems facilitated brain-computer interaction.

5.1 Summary of Key Findings
Results from the investigation showed that the high-end BMI developed by Neuralink greatly
improved the neural signal transmission, neural decoding, implant stability, and results of motor
therapy among the tetraplegics. There were statistically significant correlations established
between the neural stability, biocompatibility, and the success of rehabilitation, thus indicating the
high performance of flexible bio-compatible neural threads.
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5.2 Significance of the Study
The present study makes a contribution to the rapidly developing area of neuroengineering and
rehabilitation technologies, presenting quantitative data on the efficiency of the BMI system by
Neuralink in rehabilitation practice. The results point to the possibility of using Al-aided
neuroimplants for improving neuroprosthetic interaction and increasing patients’ independence
and rehabilitation efficacy among paralytic patients.

5.3 Final Thoughts and Recommendations
In spite of several ethical, clinical, and safety issues associated with such invasive BMIs, ongoing
technological improvements will most likely change the face of paralysis treatment and other
neurological diseases significantly. In terms of future studies, the emphasis should be placed on
conducting large-scale clinical studies in humans, developing adaptive Al-driven decoding of
brain signals, and providing safe ways of managing neural data.
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