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Abstract: A Brain-Computer Interface (BCI), also known as a Brain-Machine Interface (BMI), is a transformative
technology enabling direct communication between the human brain and an external device, bypassing traditional input
methods. Though rooted in neuroscience research since the 1970s, BCls have recently accelerated due to advancements
in Al, machine learning, and hardware. The core concept is to restore, augment, or replace motor, sensory, or cognitive
functions. A BCI works by detecting the brain's electrical patterns when a user generates an intent (e.g., thinking about
moving a hand) , decoding this pattern using algorithms, and translating it into an action, such as controlling a prosthetic
limb or typing a character. BCls are classified into three main categories based on invasiveness: Invasive: Sensors are
placed directly in the brain tissue (e.g., Microelectrode Arrays). These offer the highest signal quality and spatial resolution
but carry the highest surgical risk and have limited long-term stability due to glial scarring. Semi-Invasive: Electrodes are
placed on the surface of the brain (e.g., ECoG). They provide high signal quality with a lower risk than invasive methods.
Non-Invasive; Sensors are placed on the scalp (e.g., EEG). These are the safest and most common but yield the lowest
signal quality and spatial resolution. Applications are vast, ranging from life-changing medical uses to enhancement
technologies: Medical: Restoring communication for "locked-in" patients, enabling control of robotic prosthetics and
powered wheelchairs , and fostering neuroplasticity in stroke rehabilitation. Non-Medical: Creating deep immersion in
gaming (Neurogaming) , hands-free control of drones in military applications , and optimizing operator workload (Neuro-
ergonomics).The future trajectory points toward Bidirectional BCls (reading from and writing information to the brain)
and Cognitive BCls (decoding higher-level concepts). However, this technical breakthrough brings an urgent need for
governance to address significant ethical and societal threats, including cognitive privacy , data theft, misuse for
surveillance , and avoiding a "neuro-divide" through equitable access. Standardization is critical to accelerate development
and ensure robust systems reach users faster

1. INTRODUCTION

A Brain-Computer Interface (BCI), also known as a Brain-Machine Interface (BMI), is a technology that enables direct
communication between the human brain and an external device, such as a computer or prosthetic. It translates brain
signals into commands or actions, by passing traditional input methods like keyboards or voice. BCls have roots in
neuroscience and have been researched since the 1970s, but they've gained massive attention in recent years due to
advancements in Al, machine learning, and hardware. In addition to being ground-breaking technologies for brain-machine
connection, brain-computer interfaces (BCIs) have the potential to enhance human capabilities beyond what is naturally
possible. BCls are transforming human potential in a number of ways, from helping disabled people regain lost functions
to enhancing cognitive performance and enhancing mental health.
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Fig 1. BCI technology

However, there are ethical questions raised by this technical breakthrough, especially in relation to human enhancement,
privacy, and long-term risks. The technology, which was initially created for medical uses, has since spread to a number of
sectors, such as gaming, automation, neuro marketing, and more
1.1. The Core Concept: Bypassing the Body
The fundamental purpose of a BCI is to restore, augment, or replace motor, sensory, or cognitive functions. For
individuals with severe neuromuscular disorders (like Amyotrophic Lateral Sclerosis or spinal cord injury) who are
"locked-in" or paralyzed, the brain remains active and capable of generating intent, but the signals cannot reach the
muscles.
A BCl steps in as a synthetic nervous system pathway:
1. Intent Generation: The user thinks about moving a hand, typing a word, or selecting an icon.
2. Signal Acquisition: Sensors detect the corresponding electrical patterns in the brain.
3. Decoding: Algorithms decode this pattern as the user's intent.
4. Action: The decoded command moves a robotic arm, types a character on a screen, or controls a smart home

appliance.
1.2. Historical Context
While the concept might seem like science fiction, the field has been developing for decades. The discovery of brain
waves (EEG) by Hans Berger in the 1920s laid the foundation. However, modern BCI research accelerated significantly in
the 1970s and 1980s, pioneering work that demonstrated monkeys could control a cursor on a screen using only their
brain activity. By the 2000s, this technology successfully moved into human trials, enabling paralyzed patients to control
complex prosthetic devices and computer functions.
1.3. The Scientific Foundation
BCls rely on the brain's electrochemical activity. Every thought, sensation, and movement is accompanied by millions of
neurons firing simultaneously, generating tiny electrical fields. BCIs acquire signals based on two main types of neural
activity: Evoked Potentials: Brain activity that occurs in direct response to an external stimulus (e.g., visual changes on a
screen). Voluntary Potentials: Brain activity that is consciously generated by the user's intent (e.g., thinking about moving a
limb, which generates specific patterns like Sensorimotor Rhythms (SMRs)). The method of signal acquisition—whether it
is invasive electrodes inside the cortex or non-invasive sensors on the scalp—determines the signal quality and spatial
resolution (how precisely the activity can be localized).
1.4. The Future Trajectory
The field is rapidly moving beyond simple motor control. Researchers are exploring: Bidirectional BCIs: Interfaces that
can both read from the brain and write information to the brain, offering the potential to restore sensory feedback (e.g.,
touch sensation to a prosthetic hand). Cognitive BCls: Systems that decode higher-level cognitive states, allowing users to
control devices based on complex concepts rather than just motor imagery. Consumer Grade BCls: non-medical
applications for gaming, learning, and general human-computer interaction.
1.5. BCI Architecture
Hardware and software are the backbone of brainCJcomputer interfaces (BCIs), and their recent affordability has sparked
rapid growth in the field.
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BCI hardware captures brain signals with sensors, amplifies and digitizes them with an analog to digital converter, and
sends the data to a computer for processing, all linked by standardized connectors. The accompanying software records
the digitized signals, extracts relevant features, translates them into commands that reflect the user’s intent, and delivers
those commands to an output device, while managing the overall timing and configuration of the system.
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Fig 2. BCl Architecture
A key challenge is that the optimal sensor type, brain signal, and processing method are still unknown for many
applications, so developers must quickly evaluate many alternatives. Because the BCI market is small, commercial interest
in creating such tools is limited, making it essential to reuse widely applicable specifications and readylimade
implementations—much like the RS[1232 standard accelerated early computer peripherals. Effective specifications must
address a broad range of needs and be supported by multiple physical or software implementations, such as various
electrode caps, connectors, adapters, and reusable code libraries. Clear documentation and communication of these
standards to engineers are crucial for adoption. BCI hardware typically includes the sensing electrodes, amplification
stage, digitizer, interface circuitry, and the host computer that runs the software. On the software side, components
handle data acquisition, signal analysis, feature translation, output generation, and the overall operating protocol.
Evaluation procedures focus on timing accuracy, reliability, and overall system performance, often using benchmark tasks
to compare different designs. By standardizing hardware interfaces and providing reusable software tools, the BCI
community can shorten development cycles and bring more diverse, robust systems to users faster. Brain-Computer
Interfaces (BCIs) are classified primarily by the invasiveness of their signal acquisition method, which dictates the quality of
the neural signal, the risk to the user, and the target application. BCls are generally grouped into three main categories:
Invasive, Semi-Invasive, and Non-Invasive.
1.6. Comparison of various BCI Types
The following table summarizes the key characteristics, signal quality metrics, and primary applications for each BCI type:

TABLE 1: BCI TYPES

Feature Invasive BCI Semi-Invasive BCI Non-Invasive BCI
Example Microelectrode Arrays Electrocorticography Electroencephalography
Technology (Utah Array, Neuralink) (ECoG), Subdural/Epidural (EEG), fNIRS, MEG

Grids
Sensor Directly in the brain On the surface of the brain On the scalp (external to the
Placement tissue (cortex). (under the skull). skull).

Signal Source

Action Potentials
(spikes) of single
neurons.

Local Field Potentials (LFPs)
from small groups of
neurons.

Summated activity from large
neuronal populations.

Signal Quality Highest. Direct contact, High/Moderate. Under the Lowest. Signal
minimal signal skull, better than non- filtered/dampened by skull
attenuation. invasive. and scalp.

Spatial Highest  (Micrometer Moderate/High. Good Lowest (Centimeter level).

Resolution level). Pinpoints specific resolution for  cortical Activity is blurred across the
neurons. areas. scalp.

Information Highest (e.g., 100-200 Moderate  (e.g, 40-60 Lowest (e.9., 5-25
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Transfer Rate bits/minute). bits/minute). bits/minute).
(ITR)
Surgical Risk Highest. Requires Moderate. Requires None. Safe, easy to apply and
complex, open-brain craniotomy, but less risk remove.
surgery. than intracortical.
Long-Term Limited. Signal degrades Better than invasive due to Highest. Fully stable and
Stability over time due to glial reduced scarring risk. reusable.
scarring  (scar tissue
formation).
Primary Advanced Neuro- Epilepsy monitoring, Gaming, Neurofeedback,
Application prosthetics  (complex research where high signal Education, Basic
movement), High- quality is needed with Communication (e.g., P300
Fidelity Communication somewhat lower risk. Spellers).
for locked-in patients.

1.7.Key Signal Acquisition Methods

1. Invasive BCI

Invasive systems provide the highest quality signal by minimizing the distance between the electrode and the neurons.
Intracortical Microelectrode Arrays: These are tiny arrays (like the Utah array) inserted directly into the grey matter.
They record Action Potentials (APs)—the electrical pulses of single neurons—which allows for the decoding of highly
complex, multi-dimensional movements. They are essential for advanced prosthetic control.

2.Semi-Invasive BCI

These methods are less risky than fully invasive implants but still require surgery to place sensors beneath the skull.
Electrocorticography (ECoG): Electrodes are placed directly on the surface of the brain (cerebral cortex). ECoG
measures Local Field Potentials (LFPs). Because the skull does not attenuate the signal, ECoG offers a superior signal-to-
noise ratio compared to EEG, with a lower risk of scarring than intracortical methods.

3.Non-Invasive BCI

These are the safest and most common type of BCI, ideal for consumer products and initial research.

a) Electroencephalography (EEG): This is the most prevalent non-invasive technique. Electrodes are placed on
the scalp to measure the electrical field generated by neuronal activity. While highly safe and portable (often
used in wearable headsets), the signal is inherently weak and suffers from low spatial resolution due to signal
distortion caused by the skull and scalp.

b) Functional Near-Infrared Spectroscopy: This technique measures brain activity by detecting changes in
blood oxygenation (a proxy for neural activity) using near-infrared light. It is non-invasive and offers better
spatial resolution than EEG but has poor temporal resolution (it is slow).

c) Magnetoencephalography (MEG): Measures the magnetic fields generated by neuronal currents. MEG
offers excellent spatial and temporal resolution but requires bulky, expensive equipment (a magnetically shielded
room) and is only used in research and clinics

2. BCI METHODOLOGY
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1.Acquisition of Signals
Invasive BCls collect neural data from electrodes implanted inside the brain through surgery and thus are highly
informative but also medically risky. Non-invasive BCls, in their turn, use external sensors such as electroencephalography
(EEG) that record brain activity safely, with low signal resolution. Semi-invasive BCIs compromise between these
positions: placing electrodes on the surface of the brain, not deeply inside it, balances safety with the quality of the signal.
Conversely, Strategic Human Resource Management in a global context focuses on the way the organization manages and
develops human capital to achieve a competitive advantage on a global basis. The course starts off by defining human
resource management and then looks at how strategic HR practices adapt to the complexities of operating across
different markets and cultures.
2.Feature extraction and signal processing
Processing neural signals is easy to grasp. Think about attempting to hear your friend's voice amidst the noise of a
crowded place and using that context to learn something important about them. This requires three steps that are easy
to relate to. The first step is cleaning it up, the second step is pulling out the important words, and the last step is
contextualizing the conversation. Cleaning Up the Noise: Picture you are recording someone speaking in a loud bar or
restaurant. While you usually actually can hear what they are saying, the sound often includes background chatter, traffic
noise, etc. Making the Data Understandable: If you were to be able to get the raw signal from your friend's brain, you
would have a LOT of information, similar to trying to listen to every word from every conversation in that crowded
space simultaneously
3.Al and Machine Learning for Interpreting Signals
Artificial Intelligence (Al) and machine learning serve as smart aides for our brains. They translate brain signals into
actions or command that a computer can understand. Let us delve into what these technologies look like as we articulate
how they work in Brain-Computer Interface (BCls), using some human-centred examples to be more concrete:
How Al "Reads" the Brain: Think of your brain as a radio station always sending out signals. The signals are messy, mixed
and impacted by everything ranging from your thoughts, to random muscle twitches Personalization & Learning: Just like
no two voices are alike, no two brains are exactly alike. The use of Al in BCIs uses machine learning training to customize
its operation to your unique brainwave signature. It's like teaching your voice assistant to learn your accent, or the
verbal8 prompting you use most like ‘Sponsored by Brand X." Each time you use it, it learns more about how to best
interpret your brainwaves. Before you can even use a BCI the inferences you will test and calibrate the system to
understand what your brainwaves mean, e.g., "yes" vs "no". Then you, and the BCI, gets to work.
4. Interface for Communication and Control
Artificial Intelligence (Al) and machine learning serve as smart aides for our brains. They translate brain signals into
actions or command that a computer can understand. Let us delve into what these technologies look like as we articulate
how they work in Brain-Computer Interface (BCIs), using some human-centred examples to be more concrete: How Al
"Reads" the Brain: Think of your brain as a radio station always sending out signals. The signals are messy, mixed and
impacted by everything ranging from your thoughts, to random muscle twitches. Al acts like a skilled radio technician - it
learns what signals indicate "move my hand", "pick up the phone", or "I am stressed". It gets better at filtering out noise,
so it learns what you want to be able to express, or control. Personalization & Learning: Just like no two voices are alike,
no two brains are exactly alike. The use of Al in BCls uses machine learning training to customize its operation to your
unique brainwave signature. It's like teaching your voice assistant to learn your accent, or the verbal8 prompting you use
most like 'Sponsored by Brand X." Each time you use it, it learns more about how to best interpret your brainwaves.
Before you can even use a BCI the inferences you will test and calibrate the system to understand what your brainwaves
mean, e.g., "yes" vs "no". Then you, and the BCI, gets to work.
5.Mechanisms of Feedback: Brain-computer interfaces use feedback to help users know how well their mental
commands are working and Visual feedback: You see actions or signals on a screen, like a cursor moving or a bar filling
up, so you instantly know if your brain is communicating clearly. Haptic feedback is You feel vibrations or pressure,
similar to a phone buzzing, which can simulate touch or movement, making the connection feel more real.

3. ANALYSIS
3.1.Strengths:

e Enables direct communication between the brain and machines, allowing control of computers, prosthetics, smart
homes, etc., especially beneficial for people with severe motor disabilities.

e Diverse applications across industries including healthcare (motor restoration, neuro-prosthetics, mental health),
gaming, automation, education, and business.

e Advances in Al and machine learning improve signal processing, accuracy, and adaptability of BCls.

e Emerging non-invasive and wearable technologies increase accessibility and user comfort.

e Potential to significantly enhance human capabilities including cognitive augmentation, emotional regulation, and skill
acquisition.

e Increasing integration with cutting-edge technologies such as 5G, blockchain, and cloud computing enhances
performance and security.

NIRIS©2014-25, AM Publications - All Rights Reserved https://doi.org/10.26562/ijiris Page -399



m NIRIS: International Journal of Innovative Research in Information Security E-ISSN: 2349-7017
Volume 11, Issue 08, November 2025 P-ISSN: 2349-7009
IJIRIS https://www.ijiris.com/archives

https://doi.org/10.26562/ijiris.2025.v1108.18

3.2.\Weaknesses:

- Technical challenges including signal interference, latency, and limited accuracy due to variability in brain signals and
noise .

- High cost of hardware, medical procedures (for invasive BCIs), and software development limits widespread accessibility
- Ethical and societal concerns such as privacy, data security, and potential cognitive manipulation.

- Social acceptance issues related to fears of autonomy loss, health risks, and cultural or religious objections .

- Regulatory and legal hurdles that slow down clinical trials and commercialization, especially for invasive systems.

- Limited standardization and fragmentation in BCI technology and protocols.

3.3.Opportunities:

- Expanding applications in healthcare for neurorehabilitation, mental health therapy, and assistive communication devices.
- Growth in entertainment and gaming through immersive, mind-controlled experiences.

- Use in workplace productivity and business to monitor cognitive load and customize environments.

- Potential for brain-to-brain communication enabling silent and collaborative intelligence.

- Increasing global investment and research, particularly the rapid growth in countries like China.

- Development of ethical frameworks, open-source projects, and Al-enhanced BCls to drive innovation and adoption.

- Market growth projected to reach billions by 2030 driven by healthcare, entertainment, and enterprise applications.
3.4.Threats:

- Cybersecurity risks including unauthorized access, brain data theft, manipulation of brain signals, and neuro-extortion.

- Ethical dilemmas regarding brain data ownership, privacy, cognitive profiling, and mental privacy rights.

- Potential misuse for surveillance, behavior control, military, or political manipulation.

- Social inequity arising from unequal access to cognitive enhancements, possibly creating divides between enhanced and
non-enhanced individuals .

- Public mistrust and skepticism slowing adoption due to fears around privacy, autonomy, and health risks.

- Regulatory challenges and slow policy development could delay safe and equitable deployment.

4. APPLICATIONS OF BCI
The applications of Brain-Computer Interface (BCI) technology are vast and transformative, primarily categorized into
medical (restoration and rehabilitation) and non-medical (enhancement, defense, and entertainment) domains. They all
rely on the BCI's fundamental ability to translate neural intent into action, bypassing the traditional neuromuscular
pathways.
4.1.Medical and Healthcare Applications (Restoration)
The most compelling and advanced applications of BCI are in medicine, focusing on restoring lost function and aiding
rehabilitation.

e Restoring Communication: "Spellers" and Text Input; For patients with severe paralysis or locked-in
syndrome (e.g., due to ALS or brainstem stroke) who have lost the ability to speak or move, BCls are a crucial
communication channel. They allow users to select letters, words, or commands on a screen using brain signals
(often P300 or SSVEP potentials), enabling them to type and interact with speech-generating devices or
smartphones.

e Smartphone and Smart-Home Control: BCls enable paralyzed users to operate common digital devices,
such as managing emails, using social media, and controlling smart home features (lights, TV, temperature) using
pure thought, dramatically increasing independence.

4.2 Motor Function Restoration and Assistive Technology:

e Prosthetic Control: BCIs can decode motor intent from the brain's motor cortex, allowing amputees or
paralyzed individuals to control advanced robotic arms, hands, and legs with a high degree of precision and
multiple degrees of freedom.
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Fig6. BCI based Gaming technology Fig 7. BCI based industry technology

Functional Electrical Stimulation (FES): BCIs can bypass a damaged spinal cord and send electrical pulses to the

muscles of a paralyzed limb, allowing a user's intent to directly trigger movement in their own arm or leg.

e Assistive Mobility: Thought-controlled operation of complex devices like
powered wheelchairs and exoskeletons provides freedom of movement and greater autonomy.

4.3. Neurorehabilitation and Therapy:

e Stroke and Injury Recovery: BCls are used in neurorehabilitation by employing motor imagery (thinking about
movement) combined with real-time feedback (e.g., seeing a robotic arm move). This strengthens the association
between neural command and movement, fostering neuroplasticity (the brain's ability to rewire itself) to accelerate
motor recovery.

o Mental Health: BCls are being researched for use in neurofeedback therapies to help patients self-regulate their
brain activity, potentially treating conditions like chronic pain, depression, anxiety, and ADHD.

4.4, Diagnostics and Monitoring:

BCIs can monitor abnormal neural activity in real-time, providing early warnings or detection for conditions

like epilepsy (seizure prediction) and helping to gain insights into other disorders such as Parkinson's disease.

¢ Non-Medical and Enhancement Applications

These applications focus on augmenting human capabilities and creating new forms of human-machine interaction.

4.5.Gaming and Entertainment (Neurogaming):

e Deep Immersion: Non-invasive BCI headsets allow players to use their mental state (e.g., focus or relaxation) as a
new, immersive input modality to control game functions or adjust gameplay dynamics.

e Adaptive Content: Games can use passive BCI to monitor player engagement, adjusting difficulty or events to
keep the user in a state of optimal flow.

e Accessibility: BCls offer a unique opportunity for people with physical disabilities to fully participate in complex
gaming environments.

4.6. Defense and Military (Cognitive Augmentation):

e Hands-Free Control of Systems: Military applications involve using thought to control Unmanned Aerial Vehicles
(UAVs) or drones and manage complex robotic systems, eliminating the delays of manual input.

e Cognitive State Monitoring: BCls can passively monitor a soldier's stress, fatigue, and attention levels in high-stakes
situations, allowing systems to automatically compensate or alert the command structure to prevent critical errors.

e Enhanced Communication: Research  explores highly advanced applications like direct  brain-to-brain
communication for rapid information transfer in operational teams.

4.7.General Human-Computer Interaction (HCI):

¢ Neuro-ergonomics: BCIs are applied in workplaces (like air traffic control or industrial settings) to monitor operator
workload and optimize the design of human-machine interfaces to reduce cognitive strain.

e Augmented/Virtual Reality (AR/VR): BCI enables faster, more intuitive menu selection and object manipulation in
virtual environments, enhancing the user experience beyond hand controllers.

5. CONCLUSION

The technology of BCI is quickly expanding beyond its initial medical purpose-from simply restoring lost function to

actively enhancing the capabilities of the human. Restorative Success: BCls have proved their strength in enabling "locked-

in" patients to communicate and handle external devices, bypassing lost motor pathways. The Next Wave-Bidirectional &

Cognitive: It is now looking toward Bidirectional BCls that can read from and write information to the brain, for example,

restoring sensory feedback such as touch, and Cognitive BCls that decode higher-level concepts rather than just motor

intent. This trajectory affirms that BCls are not a static assistive device but a dynamic, transformative interface.
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The most serious challenge facing the community, if BCI technology is ever to realize its promise and transition from
specialized laboratories into general use-that is, commercialization-is one of standardization. Current Fragmentation: In
most cases, it is unknown exactly what sensor type, brain signal, and processing method are optimal for many
applications. Developers are often forced to quickly evaluate many alternatives, slowing progress. The Way Ahead: The
acceptance of widely applicable specifications and reusable tools is necessary, both for hardware interfaces and for
software components. Standardization will quicken development cycles and ensure that more varied, robust systems
reach users faster, just as the RS-232 standard accelerated early computer peripherals. These threats imposed by BCI-
namely, cognitive privacy, autonomy, and social inequality-are not abstract but imminent and call for pre-emptive
governance. Neuro-Vulnerability: Neural data is unique in that it conveys deeply sensitive information-intentions, political
beliefs, and memories. Given the uniqueness of brainwave patterns, it could be used as biometric data for identity theft or
tracking. The Need for "Neuro-Rights": The technical capability of "tapping the brain" essentially violates the right to
silence and the right to hold thoughts free from coercion. As the technology is evolving, legal and regulatory frameworks
have to be urgently developed regarding data encryption, storage, consent, and use to avoid commercial or governmental
exploitation of neural information. Equitable Access: The policy should avoid such risks as a "neuro-divide" between the
"enhanced"-those who could afford augmentation BCls-and the "unenhanced"-by ensuring social justice and not widening
the gaps in socioeconomic disparities.
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