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ABSTRACT  

Brain–computer interfaces (BCIs) are a rapidly advancing 

interdisciplinary technology at the convergence of 

neuroscience, biomedical engineering, and artificial 

intelligence. This paper presents a concise review and future-

oriented analysis of BCI systems as a key driver of human 

enhancement by 2050. It examines major BCI modalities — 

invasive, semi-invasive, and non-invasive — in terms of 

signal quality, clinical performance, and practical 

deployment. 

Recent milestones are highlighted, including first-in-human 

neural implantations, high-accuracy motor decoding, speech 

reconstruction systems, and memory-enhancing neural 

prostheses. Market projections indicate significant growth, 

reflecting increasing research and commercial interest. 

A long-term roadmap is outlined across four domains: motor 

augmentation, cognitive enhancement, sensory expansion, 

and human–machine integration. Ethical and regulatory 

challenges, including neuro-privacy, autonomy, and access 

inequality, are also discussed. The study concludes that BCIs 

have the potential not only to restore lost functions but to 

significantly extend human capabilities, requiring responsible 

governance for future deployment. 

 

 

I. INTRODUCTION  

The human brain, containing approximately 86 billion 

neurons forming trillions of synaptic connections, has long  

 

 

been considered the fixed biological upper bound of human 

cognitive and motor performance. Yet the twenty-first 

century is witnessing an unprecedented technological assault 

on this boundary. Brain-computer interfaces (BCIs) — 

systems that establish a direct communication pathway 

between neural activity and external computational devices 

— are rapidly emerging as the enabling infrastructure for a 

new era of human enhancement [1].  

The vision is no longer science fiction. In January 2024, 

Neuralink implanted its N1 chip into the first human patient, 

Noland Arbaugh, enabling him to control a computer cursor 

with his thoughts alone. By early 2026, the company reported 

that its  

Telepathy device had achieved an 85% signal decoding 

success rate for motor intent [2]. Simultaneously, researchers 

at the University of California San Francisco (UCSF) and 

Stanford University demonstrated speech BCIs capable of 

decoding paralyzed patients' intended words at 60–80 words 

per minute [3]. These are not isolated laboratory curiosities — 

they mark the inflection point of a technology transitioning 

from experimental to clinically and commercially viable.  
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The scope of BCI-enabled human enhancement extends far 

beyond restoring lost function. By 2050, projections from 

leading researchers and market analysts suggest BCI 

technology will enable direct memory augmentation, 

bidirectional neural-digital symbiosis, synthetic sensory 

modalities, and — ultimately — a seamless cognitive 

integration between biological intelligence and artificial 

general intelligence (AGI) [4]. The global BCI market, valued 

at USD 3.07 billion in 2025, is forecast to reach USD 13.32 

billion by 2035 at a compound annual growth rate (CAGR) 

of 15.81% [5], with projections extrapolating beyond USD 120 

billion by 2040 for the Chinese market alone [6].  

This paper provides a systematic review and prospective 

analysis structured around four central questions: (1) What is 

the current state of BCI technology across the invasiveness 

spectrum? (2) What specific human enhancement 

applications have been demonstrated, and what are realistic 

projections for 2050? (3) What technical, biological, and 

engineering barriers must be overcome? (4) What ethical, 

legal, and governance frameworks are required to ensure 

responsible deployment? Section II reviews the technical 

foundations; Section III maps current applications; Section 

IV presents the 2050 enhancement roadmap; Section V 

addresses barriers and challenges; Section VI analyzes the 

ethical landscape; and Section VII concludes with policy 

recommendations.  

  

II. TECHNICAL FOUNDATIONS OF BRAIN-

COMPUTER INTERFACES  

A. Invasive BCI Systems  

Invasive BCIs involve the surgical implantation of electrode 

arrays directly into neural tissue, achieving the highest spatial 

resolution and signal-to-noise ratio (SNR) of any recording 

modality. The Utah Microelectrode Array (UEA), developed 

at the University of Utah and commercialized by Blackrock 

Neurotech, remains a clinical gold standard, featuring a 

10×10 grid of silicon microelectrodes capable of recording 

single-unit activity from hundreds of individual neurons [1]. 

Each electrode penetrates cortical tissue to depths of 1–1.5 

mm, achieving spatial resolution on the order of 10–100 µm.  

Neuralink's N1 implant represents the most advanced 

commercially-pursued invasive BCI platform as of 2026. The 

N1 chip integrates 1,024 electrodes distributed across 64 

ultra-thin (4–6 µm diameter) polymer threads, with an on-

chip application-specific integrated circuit (ASIC) 

performing real-time amplification, analog-to-digital 

conversion, and wireless telemetry at 10 Mbps via a near-field 

Bluetooth Low Energy protocol [2]. The implant is positioned 

by a neurosurgical robot capable of inserting threads at 

submillimeter precision to avoid cortical blood vessels, 

dramatically reducing the risk of hemorrhagic complications.  
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imec's Neuropixels 2.0 probes, released in their latest 

iteration in 2026, represent the state-of-the-art in research-

grade invasive recording, offering 5,000+ electrodes on a 

single shank with electrode pitches of 15 µm — enabling 

simultaneous recording from thousands of neurons across 

multiple cortical layers [1]. While not yet suitable for chronic 

human implantation, Neuropixels technology is rapidly 

informing next-generation clinical device design.  

B. Semi-Invasive Systems: ECoG and Endovascular  

Electrocorticography (ECoG) electrodes are placed on the 

cortical surface beneath the skull, avoiding neural tissue 

penetration while achieving substantially better spatial 

resolution (~1 mm) and SNR than scalp EEG. CorTec's Brain 

Interchange system employs a hermetically sealed ECoG grid 

with bidirectional stimulation capability, enabling both 

recording and closed-loop neural modulation [1]. In February 

2026, CorTec received FDA Breakthrough Device 

Designation for its stroke-specific motor recovery BCI 

application.  

Syncron's Stentrode represents a paradigm-shifting semi-

invasive approach: a self-expanding nitinol mesh electrode 

array deployed endovascularly into the superior sagittal sinus, 

adjacent to the motor cortex, without craniotomy. The 

Stentrode records local field potentials (LFPs) from the 

cortical surface through the vessel wall, transmitting data 

wirelessly to a subclavicular implant.  

Clinical trials have demonstrated successful binary computer 

control in paralyzed ALS patients [7]. The trade-off is spatial 

resolution intermediate between ECoG and EEG, but the 

dramatic reduction in surgical risk makes this approach 

highly attractive for widespread clinical adoption.  

  

C. Non-Invasive Modalities  

Non-invasive BCIs record neural activity from outside the 

skull, sacrificing spatial resolution for safety and 

accessibility. Scalp electroencephalography (EEG) measures 

electrical potentials generated by the synchronous firing of 

cortical neuron populations, achieving millisecond temporal 

resolution but only centimeter-scale spatial resolution due to 

volume conduction through the skull and scalp tissues [8]. 

Despite this limitation, EEG commands a 58.4% revenue 

share of the global BCI market in 2025, driven by its low cost, 

portability, and non-invasive nature [5]. Non-invasive 

solutions overall generated 71.35% of total BCI market 

revenue in 2025 [5].  
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Functional near-infrared spectroscopy (fNIRS) measures 

hemodynamic changes associated with neural activity by 

detecting differential absorption of near-infrared light by 

oxygenated and deoxygenated hemoglobin. While temporally 

slower than EEG (~1 second resolution), fNIRS offers 

superior spatial specificity (~1 cm) and is highly portable. 

Focused ultrasound (fUS) represents a more recent and 

potentially revolutionary non-invasive modality, using 

ultrasound waves to map blood-flow changes in deep brain 

structures with sub-millimeter spatial resolution and 

millisecond temporal accuracy — capabilities previously 

attainable only through invasive means. Chinese startup 

Gestala announced in January 2026 the development of a 

non-invasive ultrasound-based BCI capable of accessing 

deeper brain regions without surgical implantation, signaling 

a major strategic shift in the field [6].  

TABLE I — COMPARISON OF BCI MODALITY 

CHARACTERISTICS  

  Modality  Type  Temporal Res.  Spatial Res. 

 SNR  Key Advantage  Key Limitation  

D. Signal Processing and Decoding Architectures  

The neural signal processing pipeline in a modern BCI 

comprises four stages: acquisition, preprocessing, feature 

extraction, and decoding/classification. In acquisition, raw 

electrophysiological signals are amplified by low-noise 

amplifiers (LNAs) with inputreferred noise below 5 µVRMS, 

digitized at sampling rates of 20–40 kHz per channel, and 

transmitted via wireless telemetry.  

Preprocessing involves bandpass filtering (300–6,000 Hz for 

spike detection; 1–400 Hz for LFP/EEG) and common-

average referencing to suppress common-mode noise.  

Feature extraction typically employs spike-sorted firing 

rates, power spectral densities in canonical frequency bands 

(theta: 4–8  

Hz, alpha: 8–12 Hz, beta: 13–30 Hz, gamma: 30–80 Hz), or 

motor imagery-related event-related 

synchronization/desynchronization (ERS/ERD). Deep 

learning architectures — particularly transformer-based 

models and recurrent neural networks — have displaced 

traditional linear discriminant analysis for high-dimensional 

decoding tasks, enabling the  

60–80 wpm speech decoding achieved at Stanford and UCSF 
[3]. The signal model underlying BCI decoding can be 

generalized as:  

  y(t) = 

f(x(t)) + ε(t)  (1)  

where y(t) is the decoded motor intent or cognitive state, x(t) 

is the recorded neural signal vector, f(·) is the learned 

decoding function (neural network), and ε(t) represents 

residual noise and model error.  

III. CURRENT HUMAN ENHANCEMENT 

APPLICATIONS  

A. Motor Rehabilitation and Augmentation  

The most mature and clinically validated application domain 

of BCIs is motor rehabilitation — restoring voluntary 

movement and communication to individuals with spinal 

cord injuries (SCI), amyotrophic lateral sclerosis (ALS), 

stroke sequelae, and other paralytic conditions. The 

BrainGate consortium, jointly led by Brown University, 

Massachusetts General Hospital, and the VA, has produced 

landmark demonstrations of intracortical BCI enabling 

individuals with tetraplegia to control robotic arms, computer 

cursors, and tablet interfaces in real time [7].  

The IpsiHand system (Neurolutions, Inc.), an EEG-based 

BCI with FDA De Novo authorization, enables stroke patients 

to drive a rehabilitative hand exoskeleton using ipsilateral 

motor signals from the unaffected hemisphere, leveraging 

neuroplastic reorganization to restore bilateral hand function 

[8]. Clinical trials reported statistically significant 

improvements in Fugl-Meyer Upper Extremity scores, a 

standardized stroke rehabilitation metric.  
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Beyond restoration, Neuralink's PRIME study, the first-in-

human trial beginning January 2024 with subject Noland 

Arbaugh, demonstrated that an individual with C4-level 

cervical SCI could achieve computer cursor control with 

velocity and accuracy comparable to able-bodied users [2]. 

The implant's 1,024 electrodes, recording from the motor 

cortex at bandwidths exceeding conventional devices, yielded 

decoding accuracy sufficient for fluent cursor navigation, 

typing, and gameplay. By January 2026, the PRIME study's 

second cohort demonstrated 85% signal decoding success [2].  

  

B. Speech and Communication Restoration  

For individuals with locked-in syndrome and severe 

dysarthria, BCIs offer a pathway to communication that 

bypasses the peripheral motor system entirely. Research 

groups at UCSF led by Edward Chang and at Stanford have 

pioneered neuroprosthetic speech systems that decode 

intended phonemes — the atomic units of speech — directly 

from the speech motor cortex [3]. The decoding pipeline uses 

machine learning models trained to recognize repeatable 

patterns of neural activity associated with each phoneme, 

then chains decoded phonemes into words and sentences in 

real time.  

A 2023 landmark study published in Nature demonstrated 

a speech BCI achieving 62 words per minute with a word 

error rate of 23.8% for a subject with ALS, representing a rate 

approaching natural conversational speech (~160 wpm). 

Subsequent improvements by 2026 have pushed decoding 

rates to approximately 80 wpm with improved transformer-

based language models providing error correction [3]. 

Neuralink additionally received FDA Breakthrough Device 

Designation for its speech restoration technology in 2025, 

accelerating regulatory pathways toward commercialization.  

C. Cognitive Enhancement and Memory Augmentation  

Perhaps the most profound — and ethically charged — 

application domain is the augmentation of cognitive function 

in both impaired and healthy individuals. Theodore Berger, 

Dong Song, and colleagues at the USC Viterbi School of 

Engineering developed a hippocampal neural prosthesis 

targeting the CA3-CA1 synaptic pathway, which encodes the 

transformation of short-term memories into long-term 

storage [4]. By recording from CA3, processing the signal 

through a multi-input/multi-output (MIMO) nonlinear model 

of the hippocampal circuit, and delivering the predicted CA1 

output pattern via microstimulation, the device bypasses 

damaged hippocampal tissue.  

In a 2018 demonstration that attracted significant attention 

— including from Elon Musk, who contributed USD 1 

million toward human trials — the Berger-Song prosthesis 

boosted episodic memory recall accuracy by 36% in human 

subjects on specific recall tasks [4]. The implications for 

Alzheimer's disease management and healthy cognitive 

enhancement are immense. DARPA has funded at least 40 

neurotechnology programs over the past 24 years, many 

targeting cognitive enhancement for military and civilian 

applications [4].  

The Restoring Active Memory (RAM) program, a USD 40 

million DARPA initiative, has pursued closed-loop 

stimulation of the hippocampus and entorhinal cortex to 

modulate memory encoding in real time, adjusting 

stimulation based on the decoded state of the memory 

encoding circuit. This bidirectional "memory prosthesis" 

paradigm — reading neural state, computing optimal 

intervention, and delivering corrective stimulation — 

represents the most sophisticated closed-loop cognitive BCI 

architecture demonstrated to date.  
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D. Sensory Restoration and Augmentation  

BCIs designed to restore or augment sensory function exploit 

the brain's capacity for neuroplastic adaptation to artificial 

inputs. The cochlear implant — arguably the most successful 

BCI in history with over 700,000 recipients worldwide — 

converts acoustic signals into electrical stimulation of the 

auditory nerve, enabling speech comprehension in 

profoundly deaf individuals [9]. This paradigm is being 

extended to the visual system through cortical visual 

prostheses.  

The Bionics Institute of Australia completed the first 

clinical trial of a second-generation bionic eye (Gennaris 

array) in 2025, demonstrating "substantial improvement" in 

visual perception for four participants through cortical 

phosphene stimulation [9]. The device bypasses the damaged 

retina and optic nerve entirely, delivering spatial visual 

information directly to the primary visual cortex (V1) via an 

implanted electrode grid. Unlike earlier retinal prostheses, 

cortical visual BCIs can — in principle — benefit patients 

with any etiology of vision loss along the entire visual 

pathway.  

Looking beyond restoration toward augmentation, sensory 

BCIs may eventually deliver inputs beyond the normal 

biological range: infrared vision, magnetic field perception, 

ultraviolet sensitivity, or direct neural streaming of digital 

data streams. These "sensory substitution" and "sensory 

addition" paradigms have been demonstrated in animal 

models and in limited human experiments, laying the 

groundwork for a radically expanded sensory repertoire by 

2050 [9].  

TABLE II — KEY BCI ENHANCEMENT MILESTONES (2018–

2026)  

     

IV. THE 2050 HUMAN ENHANCEMENT ROADMAP  

Projecting the trajectory of BCI technology to 2050 requires 

synthesizing current technical capabilities, biological 

constraints, market forces, and geopolitical dynamics. We 

articulate a four-phase roadmap organized around 

progressively deeper neural integration and increasingly 

ambitious enhancement objectives.  

A. Phase 1 (2026–2030): Clinical Standardization  

The near-term phase is characterized by the maturation of 

existing invasive and semi-invasive BCI systems to reliable 

clinical products. During this period, Neuralink, Synchron, 

Precision Neuroscience, and CorTec are anticipated to 

achieve Premarket  

Approval (PMA) from the FDA for their primary indications 

— motor paralysis and speech restoration [10]. China's MIIT 

2030 Roadmap targets breakthroughs in electrode materials, 

neural decoding chips, and full BCI systems by 2027, 

establishing two to three globally competitive BCI 

enterprises by 2030 [6].  

Non-invasive capabilities will also advance substantially. 

High-density dry-electrode EEG systems with 256+ channels 

and active noise cancellation are expected to achieve ECoG-

competitive spatial resolution for superficial cortical layers, 

opening BCI applications in consumer electronics, 

occupational safety monitoring, and mental wellness. 

Miniaturized fNIRS-EEG hybrid headsets will enable 

ambulatory neural monitoring for cognitive load assessment 

in high-stress professions.  

B. Phase 2 (2030–2038): Consumer Integration and 

Cognitive Frontier  

The second phase anticipates the emergence of consumer-

grade BCIs — devices affordable enough (< USD 1,000) for 

widespread adoption by non-clinical users. This transition 

mirrors historical patterns of medical technology 

democratization: cochlear implants, initially costing > USD 

50,000, now cost approximately USD 8,000 per device. The 

BCI market's CAGR of 15.81% projects market size to 

approach USD 30–40 billion by 2038 [5].  
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The cognitive enhancement frontier will see memory 

prosthesis systems expand from hippocampal repair to 

proactive augmentation — providing real-time episodic 

memory formation assistance for healthy users, cross-modal 

associative memory enhancement, and rapid knowledge 

acquisition interfaces analogous to the "knowledge 

download" concept in science fiction. DARPA's Neural 

Engineering System Design (NESD) program, which aims to 

achieve bidirectional communication between the brain and 

digital devices at a bandwidth of 1 million neurons 

simultaneously, is expected to produce prototype systems in 

this phase  

[4].  

C. Phase 3 (2038–2045): Whole-Brain Interface 

Paradigms  

Phase 3 is defined by the emergence of "whole-brain" or 

"broad-band" interface paradigms — systems capable of 

simultaneously recording and stimulating millions to billions 

of neurons across distributed cortical and subcortical circuits. 

Several candidate technologies are being developed for this 

scale [4].  

"Neural dust" — proposed by UC Berkeley researchers — 

envisions thousands of mote-scale (100 µm) ultrasonic 

transceivers distributed throughout the brain parenchyma, 

each powering and communicating wirelessly via ultrasound, 

collectively forming a volumetric neural recording array of 

unprecedented density. "Neural lace" or cortical mesh 

electrodes, proposed by Charles Lieber's group at Harvard, 

envision injectable syringe-deliverable electrode meshes that 

self-unfurl to conform to the cortical surface, interfacing with 

thousands of neurons without open surgery [4]. These 

technologies represent the likely hardware substrate for Phase 

3 BCIs.  

Computationally, Phase 3 BCIs will be inseparable from 

artificial intelligence: on-chip neuromorphic processors will 

perform real-time inference on high-dimensional neural 

population codes, enabling intent-to-action latencies below 

50 ms even for complex motor sequences. The distinction 

between BCI as a "tool" and BCI as a cognitive "extension" 

will become philosophically and practically blurred during 

this phase.  

  

D. Phase 4 (2045–2050): Neural-Digital Symbiosis  

The culminating phase envisions what leading futurists and 

neuroscientists term "neural-digital symbiosis" — a state in 

which the boundary between biological cognition and digital 

computation is functionally dissolved. In this paradigm, the 

brain operates simultaneously as a biological neural network 

and as a node in a broader computational ecosystem, with 

AGI systems augmenting human cognition in real time: 

retrieving memories, computing optimal decisions, 

translating intentions into digital actions, and communicating 

directly brain-to-brain without linguistic intermediary — 

"synthetic telepathy" [11].  

The market and scientific basis for this projection is 

grounded in well-documented technology scaling laws: the 

number of simultaneously recorded neurons in BCI systems 

has doubled approximately every 7 years since 1950 

(Stevenson-Kording law), tracking a trajectory that reaches 

one billion neurons by approximately 2050 [11]. If this scaling 

continues — and there is no known fundamental physical law 

precluding it — the neural recording bandwidth available in 

2050 will be qualitatively different from today's: not 

thousands of neurons, but regions of the brain simultaneously 

resolved at single-cell precision.  

 

 

 

http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/


www.ijcrt.org                                                          © 2026 IJCRT | Volume 14, Issue 4 April 2026 | ISSN: 2320-2882 

 

  

H

j695 
 

TABLE III — BCI ENHANCEMENT ROADMAP TO 2050  

   

V. TECHNICAL AND BIOLOGICAL BARRIERS  

A. Biocompatibility and Long-Term Stability  

The most persistent challenge for invasive BCIs is the foreign 

body response: the brain's immune system recognizes 

implanted electrodes as foreign objects and initiates a 

neuroinflammatory cascade. Activated microglia and 

astrocytes encapsulate the electrode in a glial scar (gliosis), 

progressively increasing impedance and reducing SNR over 

months to years [8]. Data on Neuralink's polymer threads and 

conventional silicon-based MEAs is currently limited to <2 

years of human implantation; the long-term (10– 20 year) 

impact of gliosis remains a major unknown. Addressing this 

barrier requires either biomaterial advances (softer, 

neuromorphicallymatched polymer electrodes) or active anti-

inflammatory coatings — neither of which is currently at 

clinical-grade maturity.  

Mechanical failure modes present additional concerns: 

thread fracture or migration from cortical pulsations (the 

rhythmic movement of the brain with each heartbeat), 

electrode delamination, and hermetic seal failure of the 

electronics package can render an implant non-functional. 

Neuralink acknowledged in 2024 that some threads in its first 

implant had retracted from the cortex, temporarily reducing 

active electrode count — a biocompatibility challenge that its 

engineering team subsequently addressed.  

 

. Wireless Power and Data Bandwidth  

Chronic implants must be wirelessly powered to avoid 

transcutaneous leads, which introduce infection pathways. 

Near-field inductive charging systems — as employed by 

Neuralink — impose constraints on duty cycle to avoid 

thermal damage to surrounding tissue; the FDA limits 

implantable device temperature rise to <1°C above baseline. 

As electrode counts scale toward millions, the required 

wireless data bandwidth scales proportionally, creating a 

fundamental engineering tension between information 

transfer rate and thermal dissipation [2].  

C. Neural Code Stability and Decoder Adaptation  

Neural population codes — the distributed patterns of firing 

rates and temporal correlations that represent intended 

movements or thoughts — are not static. Day-to-day 

variability in neural responses (neural drift) means that 

decoders trained on one session may degrade in performance 

over subsequent days unless continuously recalibrated. 

Robust unsupervised adaptation algorithms that maintain 

decoding performance without daily user-specific retraining 

are an active area of research [8]. Transfer learning and domain 

adaptation techniques from deep learning are being applied 

to this problem, but fully session-independent, user- 

independent neural decoders remain an unsolved challenge.  

 

 

 

2018  Hippocampal memory prosthesis  USC (Berger/Song)  36% improvement in episodic memory recall  [4]  

2020  
FDA Breakthrough Device 

Designation  
Neuralink / Synchron  Regulatory pathway established for implantable BCIs  [2]  

2021  FDA BCI Guidance Published  FDA CDRH  Regulatory framework for paralysis BCIs codified  [10]  

2023  Speech BCI — 62 wpm  UCSF Chang La b  
Near-conversational speech decoding from motor 

cortex  

[3]  

2024 (Jan)  First Neuralink human implant  
Neuralink   

Study)  

(PRIME  Cursor control via motor cortex; Noland Arbaugh  [2]  

2025  Bionic eye clinical trial results  
Bionics   

Australia  

Institute,  Substantial improvement in 4 participants  [9]  

2025  

(Aug)  

China 2030 BCI Roadmap  
China   MIIT   (7  

Ministries)  

National strategy targeting world-class BCI firms by  

2030  

[6]  

2026 (Jan)  
Neuralink   PRIME:  

85%   decoding accuracy  

Neuralink  Two years of Telepathy — second cohort results  [2]  

2026  
(Feb)  

CorTec FDA Breakthrough 

Designation  
CorTec GmbH  ECoG-based stroke motor recovery BCI  [10]  
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TABLE II — KEY BCI ENHANCEMENT MILESTONES (2018–

2026)  

  Year  Milestone  Institution/Company 

    

 

TABLE III — BCI ENHANCEMENT ROADMAP TO 2050  

  Phase  Period  Dominant Technology 

Primary Enhancement Domain Est. Market Size  

  

1 — Clinical Std.  2026–2030  Neuralink N1, Stentrode, ECoG  Motor / Speech Restoration  ~$5–7 Billion  

2 — Consumer Integ.  2030–2038  Consumer EEG, fNIRS, low-cost implants  Cognitive Augmentation  ~$30–40 Billion  

3 — Whole-Brain  2038–2045  Neural dust, Neural lace, fUS  Full Cognitive Expansion  ~$80–100 Billion  

4 — Neural-Digital  2045–2050  AGI-integrated whole-brain interface  Synthetic Telepathy, AGI Merger  >$200 Billion  
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VI. ETHICAL, LEGAL, AND GOVERNANCE 

DIMENSIONS  

  

A. Neuro-Privacy and Data Security  

Neural data — the electrochemical record of thought, 

emotion, and intention — constitutes the most intimate form 

of personal information imaginable. As BCIs become 

increasingly capable of decoding not only motor intentions 

but emotional states, political preferences, and subconscious 

cognition, the question of who owns neural data becomes 

existential. The "neuro-rights" movement, pioneered by 

neuroscientist Rafael Yuste and colleagues at Columbia 

University, advocates for constitutional protections of neural 

privacy [12]. Chile became the world's first country to enshrine 

neuro-rights in its constitution in 2021; Mexico, Brazil, and 

the OECD have since launched parallel legislative initiatives.  

The cybersecurity implications are equally grave. BCI 

systems transmitting neural data wirelessly are, in principle, 

vulnerable to interception, unauthorized decoding ("brain 

hacking"), and even adversarial neural stimulation — the 

injection of false sensory percepts or disruptive stimulation 

patterns. The regulatory framework for BCI cybersecurity is 

nascent: New America's analysis identifies a significant 

"regulatory gap" for consumer neurotechnology products 

vulnerable to exploitation [12].  

B. Autonomy, Agency, and the Closed-Loop Problem  

Closed-loop BCI systems — those that both record neural 

activity and deliver closed-loop stimulation based on decoded 

brain state — raise profound questions about human 

autonomy and moral agency. When an AI system 

continuously monitors neural state and delivers corrective 

stimulation to "optimize" cognition or behavior, the boundary 

between the person's authentic volition and AImediated 

modulation becomes philosophically indeterminate [8]. A 

landmark Cambridge Quarterly of Healthcare Ethics study 

using data from first-in-human clinical trials found that 

patients implanted with advisory brain devices reported 

significant uncertainty about the authorship of decisions 

made while the system was active [8].  

Kellmeyer et al. (2016) advocate the development of a 

"comprehensive ethical and legal framework to address the 

challenges of emerging closed-loop neurotechnologies," 

noting that traditional biomedical ethics frameworks — built 

around singular consent events — are inadequate for systems 

that continuously modulate mental states without moment-

by-moment user authorization [8]. The ethical imperative of 

"meaningful human control" over BCI-mediated decisions 

requires new legal constructs that do not yet exist.  

C. The Neuro-Divide: Access, Equity, and Enhancement 

Inequality  

The economic reality of BCI technology — invasive implants 

currently cost USD 20,000–50,000 per device, excluding 

surgical and post-operative costs — means that cognitive 

enhancement through advanced BCIs will initially be 

accessible only to wealthy individuals and elite institutions 

[12]. This "neuro-divide" could create a stratified society in 

which cognitively augmented individuals possess capabilities 

so superior to unaugmented individuals as to render 

conventional notions of meritocracy, fair competition, and 

equal opportunity obsolete.  

The geopolitical dimension adds a further layer of 

complexity: China's state-backed 2030 BCI Roadmap 

prioritizes national technological leadership in a sector with 

obvious military, intelligence, and economic implications [6]. 

If BCI technology matures within a fragmented global 

governance landscape — with different nations applying 

radically different standards for enhancement applications — 

the result could be competitive pressures to adopt cognitive 

enhancement in professional and military contexts regardless 

of individual preferences, creating coercive dynamics that 

undermine genuinely free consent.  

D. Standards and Regulatory Frameworks  

The IEEE Standards Association has established two key 

working groups directly addressing BCI standardization: 

IEEE P2731, developing a unified terminology for brain-

computer interfaces to enable cross-platform communication 

and data sharing; and IEEE P2794, establishing reporting 

standards for in vivo neural interface research to ensure 

reproducibility and regulatory-grade evidence generation [10]. 

The IEEE Neurotechnologies for Brain-Machine Interfacing 

working group was established in 2017 and has contributed 

to the OECD's "Responsible Innovation for Neurotechnology 

Enterprises" working paper [10].  

The FDA issued the final guidance on "Implanted Brain-

Computer Interface (BCI) Devices for Patients with 

Paralysis or  

Amputation" on May 20, 2021, providing the first specific 

regulatory pathway for chronic implantable BCIs in the US 

[10]. This guidance covers non-clinical testing requirements, 

clinical study design, human factors engineering, and post-

market surveillance. An updated guidance in 2024 expanded 

scope to include additional neural indications. The EU 

Medical Devices Regulation (MDR 2017/745) applies to 

European BCI manufacturers, with the UK's MHRA applying 

equivalent UKCA certification requirements post-Brexit.  
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However, the regulatory landscape for enhancement 

applications — as distinct from therapeutic applications for 

diagnosed conditions — remains essentially undefined. The 

FDA's jurisdiction is predicated on disease treatment; BCIs 

used to augment the cognition of healthy individuals fall 

outside existing regulatory frameworks, creating a 

governance vacuum that market actors may exploit. A 

proactive international regulatory framework for 

enhancement BCIs, analogous to the IAEA for nuclear 

technology, is urgently required.  

TABLE IV — ETHICAL ISSUES AND PROPOSED 

GOVERNANCE FRAMEWORKS  

  Ethical Issue  Description  Proposed 

Governance Response  

Neural Privacy  Unauthorized 

access to 

decoded 

mental 

content  

Constitutional neuro-rights (Chile model); 

GDPR-equivalent for neural data  

Cybersecurity  

Wireless 

interception, 

adversarial 

stimulation  

NIST BCI cybersecurity framework; 

mandatory penetration testing  

Autonomous 

Erosion  
Closed-loop 

AI 

modulation 

of mental 

states  

Mandatory "cognitive kill-switch"; legal 

personhood of BCI-mediated decisions  

Neuro-Divide  Enhancement 

accessible 

only to 

wealthy  

elites  

Public funding for therapeutic access; anti-

discrimination laws for neural status  

Enhancement 

Coercion  

Pressure to 

augment in 

competitive 

contexts  

Prohibition on mandated BCI use in 

employment/military without consent  

Identity   and  

Authenticity  

AI-mediated 

cognition 

and self-

concept  

New legal frameworks for AI-augmented 

agency and responsibility  

VII. GEOPOLITICAL AND INDUSTRY DYNAMICS  

The BCI field is increasingly characterized by intense 

geopolitical competition, mirroring earlier races in 

semiconductors, artificial intelligence, and quantum 

computing. The United States currently leads through its 

concentration of private capital and leading academic 

institutions: Neuralink (backed by Elon Musk with reported 

valuation > USD 5 billion), Synchron (backed by ARCH 

Venture Partners and Jeff Bezos), Precision Neuroscience, 

Paradromics, and Blackrock Neurotech cluster in the US 

ecosystem, supported by DARPA's USD 40+ million in 

neurotechnology investment [4].  

China has responded with a comprehensive industrial 

policy approach. The August 2025 MIIT roadmap, issued 

jointly by seven government departments, targets key 

breakthroughs by 2027 and two to three globally influential 

BCI enterprises by 2030 [6]. Chinese companies NeuroXess 

and NeuCyber have already implanted BCI devices in eleven 

paralyzed patients with promising preliminary results, while 

Chinese projections estimate the BCI market will exceed 120 

billion yuan (~USD 17 billion) by 2040  

[6]  

. The rally in BCI-adjacent Chinese equities — Nanjing 

Panda Electronics (+19%), MicroPort NeuroScientific 

(+8%), Shanghai Xiangyu Medical (+11%) — following the 

roadmap announcement signals robust investor confidence in 

China's capacity to challenge US dominance.  

   Europe, through the EU's Human Brain Project (2013–

2023, EUR 1 billion) and its successor Open Brain Institute, 

has invested heavily in computational neuroscience and brain 

simulation — the Blue Brain Project at EPFL developed 

simulation neuroscience as a complementary approach to 

experimental research from 2005 to 2024 [11]. The Wyss 

Center for Bio and Neuroengineering in Geneva, supported 

by a CHF 100 million philanthropic endowment, serves as a 

unique translational bridge between academic research and 

clinical deployment in Europe.  
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VIII. FUTURE RESEARCH DIRECTIONS  

A. Advanced Electrode Materials  

The transition from rigid silicon and metal microelectrodes to 

mechanically-compliant polymer substrates — polylactic 

acid, SU8, parylene-C, and shape-memory polymers — is 

identified as a priority research direction to mitigate the 

foreign body response  

[8]  

. Graphene-based electrodes offer exceptional electrical 

properties (ultra-low impedance, electrochemical stability) 

combined with optical transparency enabling simultaneous 

optogenetic stimulation and electrophysiological recording. 

Bioactive coatings incorporating anti-inflammatory agents 

(dexamethasone, L1 cell adhesion molecule) are being 

developed to suppress gliosis at the electrode-tissue interface.  

B. Neuromorphic Computing Integration  

The co-location of neuromorphic processors — chips that 

emulate the sparse, event-driven computation of biological 

neural circuits  

— with neural recording frontends offers a path to drastically 

reduced power consumption and latency. Intel's Loihi 2, 

IBM's NorthPole, and BrainScaleS (Heidelberg) 

neuromorphic platforms are being evaluated as candidate on-

chip processors for nextgeneration implantable BCIs. 

Neuromorphic decoders operating at <1 mW could enable 

always-on neural interfaces with years of battery-free 

operation via energy harvesting from body motion and 

metabolic processes [11].  

C. Bidirectional Closed-Loop Systems  

Current clinical BCIs are predominantly unidirectional: they 

read from the brain but provide limited sensory feedback to 

it. True bidirectional BCIs — simultaneously recording and 

stimulating — are required for dexterous prosthetic limb 

control with tactile sensation, closed-loop pain modulation, 

and cognitive prosthetics [8]. The challenge of stimulation 

artifact rejection — separating recording-channel signals 

from the far-larger stimulation pulses delivered microseconds 

earlier — is a critical engineering bottleneck that active 

research is addressing through blanking circuits, artifact 

subspace removal, and temporally-interleaved 

recording/stimulation protocols.  

D. Non-Invasive High-Resolution Modalities  

The holy grail of BCI research is a non-invasive modality 

with the spatial and temporal resolution of intracortical 

recording. Focused ultrasound neurostimulation (fUS), 

temporal interference stimulation (TIS), and transcranial 

photoacoustic neuroimaging represent three distinct 

emerging approaches to this goal [1]. TIS — in which two 

high-frequency electrical fields are superimposed to create a 

low-frequency interference envelope that selectively 

stimulates deep structures — was demonstrated in mice by 

Grossman et al. (2017) and is being translated toward clinical 

applications. If any of these non-invasive modalities achieves 

millimeter-scale spatial resolution in humans, the entire 

invasive BCI paradigm may be circumvented, dramatically 

accelerating adoption and eliminating the primary safety 

barrier to mass-market enhancement applications.  
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IX. DISCUSSION  

The evidence reviewed in this paper supports a central thesis: 

BCI technology is not merely a medical device category but 

a foundational infrastructure for a qualitative expansion of 

human capability. The convergence of four independently 

accelerating technology domains — neural recording 

hardware (electrode density doubling every 7 years), machine 

learning (scaling laws driving exponential improvements in 

decoding accuracy), materials science (bio-integrated 

electronics), and wireless communications (enabling chronic 

wireless implants) — creates a technological compounding 

effect whose cumulative impact by 2050 will be 

transformative.  

The transition from Phase 1 (clinical restoration) to Phase 4 

(neural-digital symbiosis) will not be abrupt but gradual and 

contested.  

Each phase introduces new capabilities but also new ethical 

flashpoints. The neuro-divide — the inequality of access to 

cognitive enhancement — may prove to be the most socially 

destabilizing aspect of the BCI revolution, potentially more 

consequential than earlier technology-driven inequality 

precisely because it operates at the level of biological 

capability rather than external resources.  

The role of international governance frameworks cannot be 

overstated. The absence of a coordinated global approach to 

BCI standardization, safety evaluation, and enhancement 

ethics creates risks of: (1) a race-to-the-bottom regulatory 

environment in which commercial pressures drive premature 

deployment of insufficiently validated enhancement devices; 

(2) geopolitical fragmentation in which nations develop 

incompatible and mutually unintelligible neural interfaces; 

and (3) the crystallization of enhancement inequality into 

permanent biological stratification if early enhancement 

advantages compound over generations.  

The scientific community bears a particular responsibility 

in this context. IEEE, through its P2731 and P2794 standards, 

and the OECD, through its Neurotechnology 

Recommendation, have established important frameworks. 

But these voluntary instruments must be complemented by 

binding international treaties with verification mechanisms 

— analogous to the Biological Weapons Convention for 

biotechnology — to prevent the weaponization of cognitive 

enhancement technologies.  

At the same time, the extraordinary therapeutic potential of 

BCIs must not be constrained by precautionary paralysis. For 

the 15 million people worldwide who suffer strokes annually, 

the billions affected by neurodegenerative diseases, and the 

millions living with paralysis, BCI technology offers 

transformative relief that ethical caution must not indefinitely 

defer. The policy challenge is to construct governance 

architectures that protect against misuse while actively 

accelerating access to therapeutic applications — a balance 

that requires sustained scientific literacy, multistakeholder 

dialogue, and adaptive regulatory institutions.  

X. CONCLUSION  

This paper has presented a comprehensive analysis of brain-

computer interface technology as the foundational platform 

for human enhancement by 2050. Beginning from the current 

technical landscape — spanning invasive intracortical arrays, 

semi-invasive ECoG and endovascular systems, and non-

invasive EEG/fNIRS/fUS modalities — and proceeding 

through demonstrated enhancement applications in motor 

rehabilitation (BrainGate, IpsiHand, Neuralink PRIME), 

speech communication (UCSF/Stanford  

60– 80 wpm decoders), cognitive augmentation (USC 

hippocampal prosthesis: +36% memory recall), and sensory 

restoration (Bionics Institute bionic eye), we have mapped a 
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four-phase roadmap culminating in neural-digital symbiosis 

by 2050.  

Key quantitative findings include: the global BCI market 

growing from USD 3.07 billion (2025) to USD 13.32 billion 

(2035) at  

15.81% CAGR; Neuralink's PRIME study achieving 85% 

motor-intent decoding accuracy in second-cohort subjects by 

January 2026; and DARPA's multi-decade investment of 

>USD 500 million in neurotechnology programs targeting 

both therapeutic and enhancement applications.  

The technical barriers to Phase 4 — biocompatibility, 

wireless bandwidth, neural code stability, and whole-brain 

electrode density — are real and formidable, but none 

constitutes a fundamental physical limit. They are 

engineering challenges that will yield to sustained investment 

and interdisciplinary collaboration. The governance 

challenges — neuro-privacy, autonomy, the neuro-divide, and 

the absence of an international enhancement regulation 

framework — are, if anything, more urgent than the technical 

ones, because they involve value choices and power 

distributions that technology alone cannot resolve.  

We conclude with three recommendations. First, the IEEE 

and allied standards bodies should urgently develop 

regulatory guidance specifically for BCI enhancement 

applications, complementing existing therapeutic device 

frameworks. Second, public investment in affordable BCI 

access — analogous to the democratization of cochlear 

implants — must be a policy priority to prevent the 

neurodivide from becoming permanent. Third, the 

neuroscience community must proactively engage with 

legislators, ethicists, and the public to shape governance 

frameworks before commercial pressures outpace regulatory 

capacity. The question of what it means to be human in a 

world where the boundaries of cognition are technologically 

negotiable is one of the defining questions of the twentyfirst 

century — and the time to begin answering it seriously is now.  

  

ACKNOWLEDGMENTS  

The authors acknowledge the foundational contributions of 

the BrainGate Research Consortium, the UCSF Chang 

Laboratory, the USC Neural Prosthetics Laboratory 

(Berger/Song), Stanford's Neural Prosthetic Systems 

Laboratory (Shenoy, posthumously), the  

Wyss Center for Bio and Neuroengineering, imec 

neurophotonics division, and the IEEE Neurotechnology 

Standards Working Groups (P2731 and P2794). Research 

synthesis was supported in part by review of DARPA NESD, 

RAM, and ElectRx program documentation.  

  
REFERENCES  

[1] PMC/NCBI, "A promising approach for neuropsychiatric disorders: 

Comparative analysis of BCI modalities including fUS, ECoG, 

EEG, and invasivearrays," PMC Article PMC13077214, National 

Center for Biotechnology Information, 2025. [Online]. Available: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC13077214/  

[2] Neuralink Corporation, "Two years of Telepathy: PRIME study 

updates," Neuralink Updates, Jan. 28, 2026. [Online]. Available: 

https://neuralink.com/updates/two-years-of-telepathy/  

[3] SparkCo Analytics, "Neuralink FDA approval and the implantable 

BCI industry: Technical and regulatory analysis," SparkCo.ai 

Research Blog, 2024. [Online]. Available: 

https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-

approval  

[4] N. Sawhney, "DARPA neurotechnology: The deep dive — 40+ 

programs and USD 500M+ investment in neurotech," Asimov 

Press, 2024. [Online]. Available: 

https://www.asimov.press/p/darpa-neurotech  

[5] SNS Insider Market Research, "Brain computer interface market 

projected to reach USD 13.32 billion by 2035, at CAGR of 

15.81%," Yahoo Finance / SNS Insider Report, Feb. 2026. 

[Online]. Available: https://finance.yahoo.com/news/brain-

computer-interface-market-projected-110000197.html  

[6] Neurofounders, "China unveils 2030 brain-computer interface 

roadmap: Seven ministries target world-class BCI firms," 

Neurofounders Industry Analysis, Aug. 2025. [Online]. Available: 

https://www.neurofounders.co/articles/china-unveils-2030-brain-

computer-interface-roadmap  

[7] New America Foundation, "Brain-computer interfaces: 

Fundamentals and applications in commercial and medical 

contexts," New America Insights: The Rise of Neurotech, 2024. 

[Online]. Available: https://www.newamerica.org/insights/the-rise-

of-neurotech-and-the-risks-for-our-braindata/braincomputer-

interfaces-fundamentals-and-applications-in-commercial-and-

medical-contexts/  

[8] Q. Chen et al., "The application and challenges of brain-computer 

interfaces: A comprehensive review," Brain-X (Wiley), 2025, doi: 

10.1002/brx2.70036. [Online]. Available: 

https://onlinelibrary.wiley.com/doi/full/10.1002/brx2.70036  

[9] Bionics Institute, "Bionic eye clinical trial reveals substantial vision 

improvements in four participants," Bionics Institute News, 2025. 

[Online]. Available: https://www.bionicsinstitute.org/latest-news-

newsletter/bionic-eye-clinical-trial/  

[10] R. Chavarriaga et al., "Standardization of neurotechnology for 

brain-machine interfacing: State of the art and recommendations," 

IEEE Standards Association / PMC8846370, 2021, doi: 

10.1109/SMC52423.2021. [Online]. Available: 

https://pmc.ncbi.nlm.nih.gov/articles/PMC8846370/  

[11] G. Sun et al., "A brain-computer interface roadmap for diagnosing 

and treating neurological conditions," The Innovation — 

Informatics, vol. 2, pp.  

100016,  2025,  doi:  10.59717/j.xinn-

inform.2025.100016.  [Online].  Available: 

 https://www.theinnovation.org/article/doi/10.59717/j.xinninf

orm.2025.100016  

[12] New America Foundation, "Current legislative landscape and 

proposed regulatory approaches for neurotech and neural data," 

New America: The Rise of Neurotech, 2024. [Online]. Available: 

https://www.newamerica.org/insights/the-rise-of-neurotech-and-

http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
https://pmc.ncbi.nlm.nih.gov/articles/PMC13077214/
https://pmc.ncbi.nlm.nih.gov/articles/PMC13077214/
https://neuralink.com/updates/two-years-of-telepathy/
https://neuralink.com/updates/two-years-of-telepathy/
https://neuralink.com/updates/two-years-of-telepathy/
https://neuralink.com/updates/two-years-of-telepathy/
https://neuralink.com/updates/two-years-of-telepathy/
https://neuralink.com/updates/two-years-of-telepathy/
https://neuralink.com/updates/two-years-of-telepathy/
https://neuralink.com/updates/two-years-of-telepathy/
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://sparkco.ai/blog/brain-computer-interface-neuralink-fda-approval
https://www.asimov.press/p/darpa-neurotech
https://www.asimov.press/p/darpa-neurotech
https://www.asimov.press/p/darpa-neurotech
https://www.asimov.press/p/darpa-neurotech
https://www.asimov.press/p/darpa-neurotech
https://www.asimov.press/p/darpa-neurotech
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://finance.yahoo.com/news/brain-computer-interface-market-projected-110000197.html
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.neurofounders.co/articles/china-unveils-2030-brain-computer-interface-roadmap
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/brain-computer-interfaces-fundamentals-and-applications-in-commercial-and-medical-contexts/
https://onlinelibrary.wiley.com/doi/full/10.1002/brx2.70036
https://onlinelibrary.wiley.com/doi/full/10.1002/brx2.70036
https://onlinelibrary.wiley.com/doi/full/10.1002/brx2.70036
https://onlinelibrary.wiley.com/doi/full/10.1002/brx2.70036
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://www.bionicsinstitute.org/latest-news-newsletter/bionic-eye-clinical-trial/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8846370/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8846370/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8846370/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8846370/
https://www.the-innovation.org/article/doi/10.59717/j.xinn-inform.2025.100016
https://www.the-innovation.org/article/doi/10.59717/j.xinn-inform.2025.100016
https://www.the-innovation.org/article/doi/10.59717/j.xinn-inform.2025.100016
https://www.the-innovation.org/article/doi/10.59717/j.xinn-inform.2025.100016
https://www.the-innovation.org/article/doi/10.59717/j.xinn-inform.2025.100016
https://www.the-innovation.org/article/doi/10.59717/j.xinn-inform.2025.100016
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/


www.ijcrt.org                                                          © 2026 IJCRT | Volume 14, Issue 4 April 2026 | ISSN: 2320-2882 

 

  

H

j702 
 

the-risks-for-our-braindata/currentlegislative-landscape-and-

proposed-regulatory-approaches/  

http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
http://www.ijcrt.org/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/
https://www.newamerica.org/insights/the-rise-of-neurotech-and-the-risks-for-our-brain-data/current-legislative-landscape-and-proposed-regulatory-approaches/

