
ISSN 2959-409X

Dean&Francis

Abstract:
With the rapid advancement of neuroscience, computer 
science, and material science, the studies of the human 
brain are entering a new era. Brain-Computer Interface 
(BCI) technology aims to create a direct link between a 
person’s brain and external devices for more convenient 
communication. This area is attracting more investigation 
that falls squarely at the meeting point of neural 
engineering and artificial intelligence. This article starts 
with exploring the basics, how BCIs work, and their types, 
all based on a review of current research. This paper 
concludes that BCI is a creative way in which humans 
can connect with computers, with very much potential to 
benefit human beings in various fields.
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1. Introduction
With the rapid advancement of neuroscience, com-
puter science, and material science, studies on the 
human brain are entering a new era. As a vital con-
nection between the biological brain and external 
computers, brain-computer interface (BCI) tech-
nology has been noted as a hot spot in research and 
industrial areas [1]. By transforming brain neural 
activity signals and translating them into control 
commands that computer reads, it allows people to 
control computers or mechanical machines directly 
without muscles and nerves, a function that holds 
the promise of communication and rehabilitation 
for motor dysfunction patients [2]. The evolution of 
Brain-Computer Interfaces (BCI) started some years 

ago, and some of the initial experiments in the 1970s 
proved that monkeys could learn to move a needle on 
a meter by merely thinking. Now, with unimaginable 
advances in small electronic devices, higher-end sig-
nal processing tools, and our greater understanding 
of how the brain works, BCI has become something 
more than a tidy laboratory procedure, something 
that can be transferred to daily life. This transition 
is not just about reading brain signals anymore—
it’s about developing systems that can respond and 
adapt based on what one wants, a true collaboration 
between mind and machine.
Over the past few years, researchers in both domestic 
and foreign countries have achieved breathtaking 
achievements in BCI. Wolpaw et al. clearly explained 
the basic principles and signal processing models of 
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BCI systems as the theoretical foundation for subsequent 
studies [3]. Chaudhary et al. demonstrated the application 
value of the technology by demonstrating the application 
value of the technology with invasive BCI for facilitating 
communication in completely locked-in syndrome patients 
[4]. This document follows a literature review approach 
to systematically determine the technical brain-computer 
interface systems, development bottlenecks, and potential 
future directions, based on the existing technology and 
policy environment. The strength of this work is that it 
provides a comprehensive account of BCI technology that 
not only gives a full overview of the subject itself but also 
discusses the social and ethical implications involved. On 
top of that, it provides reflective and futuristic recommen-
dations to enable the regulation of responsible develop-
ment and enhancement in the brain-computer interface.

2. The concept of BCI and literature 
review
Brain-computer interface (BCI) is a normal brain non-out-
put pathway-dependent communication system, which in-
terconnects the human brain directly with external devices 
by detecting and recognizing specific signals generated 
because of the functioning of the central nervous system 
and converting them into artificial commands for output 
[3]. Its basic operating process is a closed-loop one: signal 
acquisition→ signal processing→ feature extraction→ in-
struction conversion→ and feedback of the device [5].
On the basis of different means of acquisition of how to 
detect signals, BCI is categorized mainly into three types.
In an invasive BCI, an electrode gets implanted in the 
gray matter or cerebral cortex of the brain via neurosur-
gery to record single- or multi-unit neuron firing activity 
with high spatial resolution. Invasive modality provides 
the best signal quality but is plagued with issues such as 
surgical risk, implant biocompatibility, and long-term 
stability [6]. Model projects such as BrainGate have been 
able to make paralyzed patients control robotic arms [7].
Semi-invasive BCI, where electrodes are placed in the 
epidural or subdural space covering the brain, is less inva-
sive from a surgical point of view but still has the capabil-

ity to detect high-resolution cortical electroencephalogram 
(ECoG) signals and remains an area of study with much 
potential [8].
Non-surgical, non-invasive BCIs utilize electrodes on the 
head to access electrical signals from brain activity (e.g., 
EEG). It is the simplest and safest but sensitive to noise 
interference and low spatial resolution of the signal [9]. 
The most studied and business-ready form to date is based 
on EEG-based BCI systems.
The choice between invasive, semi-invasive, and non-in-
vasive brain-computer interface techniques is one of sig-
nal quality versus usability. Invasive techniques yield the 
highest quality, most precise signals because they directly 
access brain action, but at the expense of potentially giant 
issues such as surgical complications and the body’s own 
immune reactions, which, over the long term, can ren-
der the integrity of signals unreliable. The semi-invasive 
options are in between–they transmit more signal than 
non-invasive options without requiring penetration all 
the way through the brain surface. Non-invasive options, 
on the other hand, are safer and more accessible but have 
a single huge obstacle to overcome: the skull. The skull 
distorts and weakens the extremely low electric signals 
that such devices try to capture, and so it is an intrinsic 
problem. This compromise is one of the major research 
and development areas for brain-computer interfaces [10]. 
In the non-clinical setting, novel applications like the 
movement of characters in games with thinking have been 
created [11].

3. Challenges for BCI
While BCI technology has broad prospects, it also faces 
a sequence of severe challenges from laboratory to mass 
clinical use and social popularization, and they are mainly 
reflected in the following three aspects: ethics, technology, 
and social commercialization.

3.1 Ethics and security challenge

BCI technology is addressing the weakest area of human 
beings, the mind and consciousness, and the ethical issue 
it raises is of the highest priority. The first of these issues 
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is privacy and data protection concerns. BCI devices can 
record users’ thoughts, emotions, and even unconscious 
behaviors, and if disclosed or utilized for improper pur-
poses, they will be a complete invasion of privacy, which 
will have anarchic consequences [12]. The second one is 
an identity and autonomy crisis. Human autonomy and in-
dividuality will be under threat if BCI technology is able 
to do direct intervention or manipulation of brain activity 
[13]. Social justice is also at risk, BCI technology will be 
available to an elite few who possess the capital to enjoy 
the innovative functionality and benefit of technology, and 
it has the potential to introduce new social injustices [14].
Ethical issues far outweigh the low-hanging fruit issues of 
access and privacy—those concerns penetrate right into 
the very essence of what it means to be a human. Take, 
for example, the term ‘algorithmic bias.’ It can be given 
even more significance when applied to brain-computer 
interfaces (BCIs). If one’s decoding algorithm routinely 
gets it wrong in decoding the activity of a certain group of 
people, then there is a risk of its having a discriminatory 
effect on the population. And similarly with the risk of 
‘neuron manipulation’ or hidden control via BCIs. That’s 
a vision of a future where our free will could be subtly 
coerced—not by outright duress, but by subtle, embedded 
technology manipulation. Good ethical boundaries are not 
a luxury, they’re a requirement if we’re actually going to 
develop this technology ethically and sustainably.

3.2 Technical challenges

There are still a couple of technical problems that contin-
ue to give current BCI technology development the shud-
ders. First, signal acquisition and quality. EEG signals of 
non-invasive methods possess inferior spatial resolution 
as well as a low signal-to-noise ratio. Long-term stability 
and biocompatibility, however, are problems that plague 
invasive interfaces [15]. Then there’s the issue of signal 
decoding and translation. The neural coding process of 
the brain is immensely complicated, and both the robust-
ness and precision of existing decoding algorithms are 
not yet adequate to the demands of individual differences, 
affective states, and environmental noise [16]. Third, the 
necessity of adapting and learning systems with us. An 

ideal BCI would train and adapt throughout the duration 
of the communication session with the user, but most 
current systems make the user sit through long and often 
infuriating training sessions in an attempt to allow the 
machine to become acquainted with them. One reason is 
that one of the primary problems is that our neural signals 
change from day to day, or minute to minute. Things like 
the fatigue of a person, what he or she has been eating, 
or what medication he or she is on can all influence brain 
activity. Therefore, a decoder that happens to work ex-
tremely well one Monday might not work quite as well on 
a Tuesday. All this fluctuation is undesirable because then 
the system would need to be recalibrated regularly, which 
disturbs otherwise continuous interaction. Apart from that, 
most state-of-the-art BCIs are still wired systems based on 
cumbersome external equipment and do not integrate eas-
ily into daily life outside the lab. Building a system that 
works reliably, is wireless, and easy to use right out of the 
box is a formidable engineering challenge

3.3 Commercialization and social acceptance 
challenges

BCIs involve long R&D time, vast investment, and great 
technical risks, which deter most investors and firms 
[17]. In the meantime, with the immaturity and potential 
hazards of the technology, people’s worry is its safety 
and trustworthiness, and market acceptance is low [18]. 
Besides, related rules, legislation, and industry standards 
are nearly empty, and no specific guide to the approval, 
regulation, and liability assessment of BCI products exists 
[19].

4. Future advancement of brain-com-
puter interfaces
Given the challenges, future advancement of BCI technol-
ogy needs to be coordinated in three ways: technological 
innovation, expansion of applications, and regulation in 
ethics.

4.1 Technological integration and innovation

Future development of BCI technology will depend on 
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cross-integration of multiple disciplines. New materi-
als science, i.e., the development of more flexible and 
biocompatible electrodes, new algorithms such as deep 
learning for decoding the signals, and advances in micro-
electronics will all drive BCI devices to small size, high 
bandwidth, low power, and long life [20]. The notion of 
brain-machine-agent interaction is indeed changing the 
game. It now also signifies that AI is no longer solely an 
issue of reading signals—it’s starting to act more like a 
partner for the brain. In that sense, it’s capable of pre-
dicting what you’re trying to do more accurately, which 
makes interacting with technology more natural and ef-
fortless. An interesting area to watch is the development 
of ‘closed-loop’ systems. These BCIs of the future won’t 
just listen to brain signals—they’ll also reply with infor-
mation using methods like focused ultrasound or electrical 
stimulation, carrying on a genuine two-way conversation. 
Imagine a rehab BCI that not only helps control a robot-
ic exoskeleton but also delivers sensory feedback to the 
brain, like the feeling of touching something. That would 
speed up recovery exponentially as it takes advantage of 
the brain’s own adaptability. On top of that, the merging 
of BCIs with edge computing and ultra-high-speed net-
working like 5G or 6G would have the ability to offload 
heavy processing to the cloud. In that manner, small and 
wearable devices would be capable of running even heavy 
programs with ease.

4.2 Enrichment and extension of application 
domains

Medical rehabilitation is the most valuable application 
area for BCIs to fulfill its promise. Invasive BCI in the 
future will focus more on solving the problem of accurate 
treatment for patients with extremely severe neurolog-
ical damage; non-invasive BCIs will gain popularity in 
the fields of “neuron feedback therapy” and “post-stroke 
rehabilitation training” [22]. BCI holds tremendous po-
tential in the future generation of human-computer in-
teraction and is destined to be the final input device for 
virtual reality (VR)/augmented reality (AR) [23]. Aside 
from restoring lost function, BCIs will enable “human 
augmentation.” This can range from cognitive enhance-

ment, i.e., enhancing attention or memory on demand, to 
the extension of human senses—allowing us to “feel” in-
ternet data or perceive infrared or ultraviolet light. In the 
industrial sector, BCIs would revolutionize control rooms 
since operators could manipulate complex systems using 
their minds, reducing reaction time and mental effort. The 
entertainment industry is also exploring BCIs for creating 
highly immersive experiences where the emotional state 
of a user directly influences the direction of a movie or 
video game.

4.3 Policy support and ethical governance

Seeing the strategic importance of BCI, big nations glob-
ally have implemented it. In the future, there is a need 
for a forward-looking ethical and legal framework, such 
as developing data security standards, defining the limits 
of privacy protection, setting up mechanisms to prevent 
technology abuse, and encouraging public engagement in 
discussions to ensure that technology development is al-
ways for good [24].

5. Conclusion
This paper aims to take a closer look at how BCI technol-
ogy has developed, the issues it encounters, and what the 
future holds.
By analyzing ongoing research, this paper discovers that 
BCI is an innovative approach in which humans can in-
terface and connect with computers, with vast potential 
in the medical field and elsewhere. There are three main 
challenges presented by the research: ethically, we have 
to contend with concerns of privacy, identity, and social 
equity; on a technical level, signal clarity, decoding pre-
cision, and system robustness remain major concerns; 
and on a commercial level, high cost, safety risks, and 
low public acceptance are slowing large-scale deploy-
ment. That said, advances with new materials, smarter 
algorithms, and supportive policies are pointers to BCI 
moving in the direction of being safer, more efficient, and 
smarter. The main contribution of this paper is in drawing 
together what is known about BCI and emphasizing the 
necessity to address ethical issues to be addressed as part 
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and parcel of technological development. On a practical 
level, it offers forward-thinking direction to investors, 
policymakers, and developers engaging with BCI to guide 
future research and applications. Some limitations also ex-
ist. Largely a compilation of existing research, it doesn’t 
include original experimental data or real case studies 
from the field. And since BCI is progressing so quickly, 
what we have here is a snapshot only—new developments 
are being made on a constant basis, and market timing and 
societal impact predictions are speculative and liable to 
change with unexpected developments or legislation. To 
the future, some of the promising problems for future re-
search include creating more complex algorithms for deci-
phering brain signals, examining more deeply the ethical, 
social, and cultural implications of BCI, and creating low-
cost, high-quality non-invasive BCI hardware that can be 
used by more people.
Overall, BCI technology is bringing about a new era in 
which humans and machines work together more closely. 
With careful research, responsible management, and open 
social discussion, we can utilize this powerful technology 
to bring true positive benefit to everyone.
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