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Abstract- The generation these days is green and has been upgraded every day. Brain- like
computation imitates how human brains process information. Hardware with a structure and
analysis similar to the brain is called brain- like chips. Chips and nerve cells constitute a close
physical interface in brain- chip engineering, enabling the flow of information in one or both
directions. An outline on current achievement in the discipline of brain chip technology to
enhance alerts transmission from nerve cells to chip or from chip to nerve cells, both in terms
of signal-to-noise ratio or of spatiotemporal resolution. The use of synthetic gadgets to
manipulate the functioning of numerous components in an individual has seen an upsurge
withinside the remaining decade, which has caused voluminous deliberation and skepticism.
In each technique people comply with is progressing towards digital, for this reason, there may
be a urge for people to technique this huge records in themselves and that’s the cause human
being calls for a generation that complements our mind to technique these records and that is
why there may be a studies accomplished on mind chip interface so that it will beautify the
cognitive capacity of mind and also can be utilized in fitness troubles along with for folks that
suffer from neurological sickness like paralyzed, stroke, epilepsy etc.

Keywords- Brain chip engineering; Electroencephalography; Brain-like computation; Neural
Signals; Spatiotemporal resolution

1. INTRODUCTION

Technology has advanced at an incredible rate in recent decades, transforming different
industries and shaping how we interact with the world. One of the most intriguing and
potentially disruptive breakthroughs is the study of brain-computer interfaces (BCIs),
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specifically brain chip technology [1]. Today's age is becoming smarter, and technological
advancements are always opening up new options for improving human skills. From
smartphones and artificial intelligence to biotechnology, significant advancements in various
sectors have enabled the connection of human biology with digital technologies, opening up
intriguing new possibilities for the future. Brain-like computation, a component of this
technological revolution, seeks to replicate how human brains process information. The goal
iIs to design hardware that closely replicates the brain's neural network in structure and function.
Such gadgets, often known as brain-like chips, represent a significant step in integrating human
cognition with computer systems. This technology has the potential to transform healthcare,
notably in the treatment of neurological diseases, as well as improve cognitive capabilities for
healthy people [2].

In the field of brain chip technology, the goal has been to achieve seamless connectivity
between brain cells and chips, permitting bidirectional transfer of data. The collaboration
between science and technology holds enormous promise, particularly in terms of enhancing
signal-to-noise ratio and temporally resolution, both of which are key aspects in the efficient
transfer knowledge between the nervous system and the chip. In the past few years, the use of
synthetic devices for monitoring and enhancing the functioning of various areas of the human
body has increased dramatically. This tendency, while encouraging, has also sparked criticism
and ethical issues. However, as our society becomes increasingly digital, there is a greater
desire for technology that enhances human capacities [3]. Brain chipping, in particular, has the
potential to boost cognitive capacities while also providing answers to a variety of health
difficulties, particularly for people suffering from paralysis, epilepsy, stroke, and other brain
diseases. In both medical and cognitive science, the conjugation of brain chip technology with
human biology is a crucial frontier. The current status of brain chip technology, its
accomplishments, and its hopes for the future will all be covered in this article, along with any
potential drawbacks and moral dilemmas associated with this innovative sector [4].

Computational systems that imitate the human brain's processing techniques are referred to
as brain-like computation. Brain-like computation aims to mimic the parallel and distributed
processing capabilities of the brain, in contrast to typical computers, which process information
in a linear, step-by-step fashion. One way to do this is to simulate neural networks, which
function similarly to how human neurons interact, interpret sensory data, and enable dynamic
learning, adaptation, and pattern recognition [5]. It is important to note statistics is organized
and retained is the primary distinction between conventional computational systems and brain-
like computation. Information processing in brain-like devices is more flexible and non-linear,
resembling biological neural networks. The ability of these devices to interact directly with the
nervous system may facilitate the smooth integration of artificial and biological components.
In order to facilitate two-way communication, brain-chip engineering entails building a
physical link between chips and nerve cells as shown in Figure 1. This implies that real-time
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communication between the brain and external gadgets is possible because the chip has the
ability to receive signals from neurons, process them, and send responses back. This kind of
technology has several uses, ranging from improving human cognitive capacities through direct
interaction with computer systems to providing therapeutic options for neurological illnesses

[6].
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Figure 1. Brain Chips

2. BRAIN-LIKE CHIPS FUNCTIONALITY

Neuromorphic chips, sometimes referred to as brain-like chips, are made to mimic the
composition and operations of the cerebral cortex in people. These chips are designed to imitate
the way the brain transports and manipulates information. They are based on biological neural
networks. While conventional digital processors function in a sequential and linear fashion,
chips designed to resemble brains strive to emulate the adaptive and parallel processing
characteristics of real neurons [7]. Neuroscience and innovative computing concepts are
combined to create technology that mimics neural processing in brain-like processors. The
structure of the brain, in particular the synapses and neurons that serve as the fundamental
components of neural circuits, served as inspiration for the design. These neuromorphic devices
enable real-time signal movement and receipt between chips and organic neurons in brain-chip
engineering. They aim to mimic not just the discrete parts of brain activity but also the network-
level processing and connections between them [7,8]. The fundamental capacity of brain-like
chips is to learn from and adjust to input patterns in a way that is akin to that of the human
brain. Unlike conventional computers, which are programmed, these chips acquire
"intelligence" through training.

2.1. Neuromorphic prosthetic computing

Based on simulating the brain's parallel processing capabilities and synaptic plasticity,
neuromorphic computing techniques are used in brain-like computers. By using artificial
neurons and synapses, these devices can process information in a parallel and energy-efficient
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manner, similar to the way the brain works. This approach has the potential to revolutionize
the field of prosthetics by enabling more natural and intuitive control of artificial limbs, as well
as providing advanced sensory feedback and cognitive capabilities. They can process vast
amounts of data more effectively as a result, which makes them perfect for cognitive tasks like
machine learning, pattern recognition, and decision-making [9].

2.2. Low power ingesting

These chips, like the human brain, can function with very little energy. These chips leverage
neural networks and parallel processing to efficiently process information, making them ideal
for applications requiring low power consumption, such as wearable devices and edge
computing. By mimicking the brain's ability to learn and adapt, these chips offer the potential
for more intelligent and efficient systems. When processing data sequentially, traditional digital
computers need a lot of energy. In contrast, brain-like chips are made for more effective parallel
computing, which lowers the total energy requirements [9].

2.3. Signal transmission

In brain-chip interfaces, these chips act as a conduit to allow information to move back and
forth between electronic devices and neurons. Through this relationship, neuronal activity can
be controlled and modulated, which may improve cognitive abilities or repair damaged brain
systems. Signal transmission in brain-chip interfaces presents a complex challenge due to the
inherent differences between biological and electronic systems. To bridge this gap, researchers
have developed various techniques to facilitate efficient and reliable communication between
the brain and the chip. One approach involves the use of microelectrodes that can be implanted
directly into the brain tissue to record neural activity [10]. These electrodes can detect the
electrical signals generated by neurons, which are then amplified and digitized for processing
by the chip. Conversely, the chip can send electrical signals to stimulate specific neurons,
allowing for bidirectional communication. Another approach involves the use of wireless
technology to transmit signals between the brain and the chip. This eliminates the need for
physical wires, reducing the risk of infection and improving the overall user experience.
However, wireless transmission introduces challenges related to power consumption, signal
quality, and data bandwidth. To address these challenges, researchers are exploring novel
materials and techniques to improve the efficiency and reliability of wireless brain-chip
interfaces [11].

2.4. Artificial neural network simulation

Brain-like chips are very proficient in intricate pattern identification and decision-making
activities, which are essential in machine learning, artificial intelligence, and other applications,
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by mimicking the neural network of the brain. Similar to the situation the synapses of neurons
which get stronger or weaker with time upon learning and experience, they are able to
continuously learn and adapt to new data inputs. Artificial Neural Networks (ANNS) serve as
the foundation for simulating brain-like chips. Inspired by the structure and function of
biological neurons, ANNs comprise interconnected nodes, or artificial neurons, that process
and transmit information. These networks can be trained on vast datasets to recognize patterns,
make decisions, and even generate creative content. By mimicking the brain's ability to learn
and adapt, ANNs enable brain-like chips to perform complex tasks such as image and speech
recognition, natural language processing, and autonomous decision-making. As ANNSs
continue to evolve, they hold the potential to revolutionize various fields, from healthcare to
autonomous vehicles, by enabling the development of more intelligent and adaptable systems
[12].

2.5. Spatiotemporal resolution and signal-to-noise ratio

Enhancing the signal transmission quality between the chip and neurons is another aspect
of the brain-like chips' performance. Advances in signal-to-noise ratio contribute to
interference reduction and more accurate and dependable neural transmission, while advances
in spatiotemporal resolution aid in the accurate mapping of brain activity. High spatiotemporal
resolution allows for precise localization of neural activity, enabling the identification of
specific neuronal populations involved in various cognitive functions. Additionally, a high
SNR is essential for distinguishing genuine neural signals from background noise, improving
the quality of recorded data and the effectiveness of stimulation protocols. To achieve these
goals, researchers are exploring advanced materials, fabrication techniques, and signal
processing algorithms. For instance, the development of high-density electrode arrays with
reduced impedance can improve signal quality and spatial resolution. Furthermore, advanced
signal processing techniques, such as noise reduction and artifact removal, can enhance the
SNR of recorded signals. By optimizing these factors, brain-like chips can provide more
accurate and reliable insights into brain function and enable more effective neural interfaces
[2,13].

2.6. Brain-Like computation and its mimicry of human brain functions

The term "brain-like computation” describes the creation of computational models and
technology that aim to mimic the way the human brain processes information. The brain's
extraordinary capacity to digest large amounts of information quickly, adapt to new stimuli,
learn from mistakes, and make complicated judgments serves as an inspiration for this field.
The human brain processes numerous impulses simultaneously while working in parallel,
which makes it much more efficient than traditional computers in terms of both speed and
energy usage [12].
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2.7. Features of brain-like computation

2.7.1. Parallel processing

Many computations take place at once in the human brain due to its parallel processing of
information. This is simulated via brain-like computation, which builds systems that handle
data in parallel rather than sequentially or linearly. This makes it possible to handle data more
quickly and effectively, especially when working with big amounts of complicated data [12,
14].

2.7.2. Synaptic connectivity and neural networks

Neural networks, which simulate the interconnectivity of artificial neurons like synapses in
a biological brain, are frequently used to simulate brain-like processing. Because of these
linkages, the system is able to learn and adapt, changing its behavior in response to input.
Artificial neurons modify the strength of their connections in response to experience or
training, much like synaptic plasticity in the brain [15].

2.7.3. Education and adaptation

The human brain's capacity for learning and adaptation is one of its most amazing qualities.
This is incorporated into brain-like processing through the use of algorithms like deep learning,
which allow the system to learn from data and get better over time. This is similar to how
people adjust to new circumstances and places by drawing on their past experiences [16].

2.7.4. Energy efficiency

A typical computer would need a lot more energy to do tasks than the human brain, which
uses just around 20 watts. In order to duplicate this efficiency, brain-like circuits are developing
low-power gadgets that can carry out intricate calculations while using the least amount of
energy. This has important ramifications for developing computing systems that are both
energy-efficient and sustainable [17].

2.7.5. Spatiotemporal computation

The brain concurrently processes temporal and spatial information. This is mimicked in
brain-like computation by building systems that can manage dynamic, time-varying data, in a
manner similar to how the brain interprets sensory data in real-time from the surroundings [17].

2.8. Mimicking human brain functions
2.8.1. Perception and sensory integration

In order to create perceptions, the brain continuously combines information from several
senses, such as touch, hearing, and vision. By processing many streams of data simultaneously
and synthesizing them into a cohesive output, brain-like devices seek to emulate this capacity.
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Brain-like chips are striving to mimic the human brain's remarkable ability to perceive and
integrate sensory information. By employing artificial neural networks, these chips can process
and interpret sensory inputs such as visual, auditory, and tactile data. This enables them to
recognize patterns, make decisions, and respond to stimuli in a way that is both efficient and
intelligent. However, replicating the brain's complex sensory integration remains a significant
challenge. The brain seamlessly combines information from multiple senses to form a coherent
perception of the world, a feat that is still beyond the capabilities of current brain-like chips.
To overcome this limitation, researchers are exploring novel approaches, such as incorporating
biologically inspired learning algorithms and developing more sophisticated sensor
technologies [18].

2.8.2. Decision forming

Based on ambiguous or partial information, the human brain excels at forming decisions.
This is attempted to be replicated via brain-like computation, which uses algorithms that can
weigh several elements and make probabilistic decisions, similar to how neurons activate in
response to the strength of incoming impulses [19].

2.8.3. Memory and recall

Neuronal networks in the human brain are responsible for distributing memory. Similar to
how the brain stores and recalls information, brain-like computation handles data storage and
retrieval in a distributed fashion. This makes data management more adaptable and efficient
[20,21].

2.8.4. Cognitive and motor functions

Applications like brain-chip interfaces, which seek to improve cognitive and motor abilities
in humans, are utilizing brain-like processing. For example, by functioning as a bridge between
the brain and external devices and imitating the brain's own signal transmission channels, brain
chips can assist individuals with neurological illnesses in regaining control over specific
processes [22,23].

2.9. Structure and operation of brain-like chips
2.9.1. Brain-like Chip Structure

Neuromorphic chips, another name for brain-like chips, are made to resemble neurons and
synapses in order to simulate the composition and operation of the human brain. These chips'
main parts and configuration consist of neurons information-processing fundamental units that
resemble biological neurons in the brain. Artificial neurons on neuromorphic chips mimic the
firing patterns of biological neurons by responding to electrical or chemical impulses. Synapses
are the places of connection between neurons where messages can be sent. Similar to synaptic



Anal. Bioanal. Electrochem., Vol. 17, No. 2, 2025, 85-134 92

plasticity in human brains, artificial synapses in brain-like chips are made to have adjustable
strengths and aid in neuronal communication [12]. This flexibility is essential to memory and
learning processes. Memristors are a sort of resistive memory component that simulates
synaptic function by altering its resistance in response to the current flowing through it. Some
brain-like chips employ memristors. Analog memory storage is made possible by this, which
is comparable to the strength of synaptic connections in the brain. Neuromorphic chips have a
parallel architecture that enables the simultaneous processing of numerous streams of
information, in contrast to standard chips, which function sequentially as shown in Figure 2.
Similar to how the brain processes sensory information, this design is critical for functions like
learning, pattern recognition, and making decisions in real time. Substrate and layers just as
conventional chips, brain-like devices frequently have a silicon substrate. On the other hand,
the arrangement of transistor and memristor layers mimics the architecture of brain networks.
Artificial networks that mimic the functions of the brain can be created thanks to the intricate
layering. Spiking Neural Networks (SNNs), which mimic how the brain processes information
by timing spikes, or electrical signals, are the foundation of many brain-like circuits. In
comparison to conventional artificial neural networks (ANNSs), this model is thought to be more
physiologically accurate and has a higher processing speed for real-time data [24,25].

2.9.2. Operation of Brain-like Chips

Replicating the brain's computing strategy through two-way communication between
neurons and the artificial system is the foundation for how brain-like devices function. The
following procedures are usually involved in the operational signal processing of artificial
neural networks (ANNSs) function similarly to biological neurons in that they interpret signals
by adding up inputs, which can be electrical impulses or spikes [26]. When a threshold is
exceeded, the artificial neuron "fires." Through artificial synapses, signals are transmitted to
other neurons as a result of this event. The action potentials in actual neurons are similar to this
threshold-based mechanism. Plasticity and Learning based on input or experience, synapses,
or the connections between neurons, alter in strength over time. The chip can "learn™ by
modifying connection strengths due to synaptic plasticity, which is akin to how the human
brain learns from stimulus. Learning algorithms such as Hebbian learning, which is based on
the idea that connections develop stronger when neurons fire together, are frequently used
[12,27].

Brain-like chips are excellent at handling numerous tasks at once because they can process
data in a way that regular CPUs or GPUs cannot, which involves processing data sequentially.
Due to this, they are able to carry out tasks like pattern recognition, object detection, and
decision-making with greater efficiency, which is comparable to the brain's innate capacity to
simultaneously integrate visual, aural, and other sensory inputs. The energy efficiency of brain-
like chips is one of their main benefits. These chips can do complicated computations with a
great deal less power consumption than conventional chips because they emulate the event-
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driven nature of biological neurons, which only "fire" when necessary. For the development of
implants and portable devices that must operate for extended periods of time without regular
recharging, energy efficiency is essential. Integration with Biological Systems chips are
directly integrated with biological neurons in  brain-chip interfaces [28].
Electroencephalography (EEG) and implanted electrodes are two technologies that are used to
detect electrical impulses from the brain. The brain-like chip then processes these signals,
interpreting, amplifying, or changing them before returning them to the brain or another device,
resulting in a bidirectional information flow [13]. The development of neuroprosthetics and
treatments for neurological illnesses depends on this feedback loop. Similar to a brain, these
chips are able to change their behavior in real time by taking in information from their
surroundings and adjusting. This is critical for jobs where the chip must continuously adjust to
the user's intentions and needs, such as manipulating robotic limbs in neuroprosthetics [29,30].
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Figure 2. Neuromorphic Chips

3. CURRENT ACHIEVEMENTS IN BRAIN-CHIP TECHNOLOGY

Recent years have seen notable progress in the field of brain-chip technology, commonly
referred to as brain-machine interfaces (BMIs) or neural interfaces. The convergence of
materials science, microelectronics, artificial intelligence (Al), and neuroscience has propelled
this advancement. The following are the principal developments in brain-chip technology to
date:

3.1. Stimulation and recording of neural signals

The ability to precisely capture neural impulses is one of the greatest advancements in
brain-chip technology. Improvements in the signal-to-noise ratio and spatial resolution of
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electroencephalography (EEG), electrocorticography (ECoG), and intracortical recordings
have made it possible to interpret brain activity more accurately as shown in Figure 3.
Furthermore, chips that excite neurons to produce desired responses like motor control in
individuals who are paralyzed have improved in accuracy and efficacy. Businesses such as
Neuralink and Blackrock Neurotech have created high-resolution spinal implants that have the
capacity to record thousands of neurons at once, offering a comprehensive picture of brain
activity. For many years, neurological conditions like epilepsy, dystonia, and Parkinson's
disease have been treated with DBS technology. Newer DBS models have been adjusted to
deliver customized stimulation that instantly adjusts to the patient's brain patterns [31,32].

ol

Figure 3. Stimulation and Recording of Neural Signals

3.2. Systems in closed Loops

Closed-loop brain-chip systems are a significant advancement. These technologies
establish a two-way communication channel between the brain and external equipment by
recording neural signals and using that information to provide feedback in real time as shown
in Figure 4. Prosthetics, rehabilitation, and cognitive enhancement are all significantly
impacted by this. Systems with adaptive DBS, for instance, have the ability to identify aberrant
brain activity and modify stimulation levels appropriately. As a result, therapies for ailments
like epilepsy and Parkinson's syndrome are now more effective. Patients with amputations or
spinal cord injuries can use closed-loop systems to operate robotic limbs with their minds. A
person may occasionally be able to "feel" their prosthetic limb thanks to the prosthetic's sensory
feedback being transmitted back to the brain [33,34].
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Figure 4. Systems in Closed Loops

3.3. Wireless interfaces for brain-chip

Conventional brain-chip interfaces are wired, which reduces their usefulness and raises the
possibility of infection. The advancement of wireless brain-chip interfaces has revolutionized
the field, enhancing the systems' safety and usability. With the ability to send brain signals to
computers for processing, wireless EEG headsets and devices allow for real-time monitoring
and control without the need for invasive surgery. Applications for these systems are being
investigated in consumer technologies like virtual reality and gaming as well as healthcare.
Neural Ink and other businesses are developing wireless, tiny fully implantable brain chips.
These devices are made to withstand years of use inside the human brain without seriously
infecting or damaging surrounding tissue [35,36].

3.4. Integration of artificial intelligence and machine learning

Brain-chip technology now incorporates Al and machine learning to enhance neural signal
decoding. These days, artificial intelligence (Al) algorithms are able to interpret complicated
brain patterns and translate them into useful outputs, such moving a prosthetic limb, using a
computer, or even producing speech in people with communication impairments. Scientists
have created Al-powered systems that are able to interpret speech-related brain activity. These
technologies enable thought-based communication for those suffering from diseases such as
amyotrophic lateral sclerosis (ALS) [37,38]. By evaluating brain data and offering immediate
feedback or stimulation, artificial intelligence is also being utilized to improve cognitive
abilities. Future uses in memory improvement, learning acceleration, and other cognitive
enhancements may result from this.
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3.5. Materials biocompatible and extended stability

The creation of materials that are stable over extended periods of time and biocompatible
has proven to be a significant obstacle in the field of brain chip technology. The development
of flexible, biocompatible electrodes and chips that cause little harm to brain tissue and retain
functionality over time is the result of recent advancements in materials science. novel
materials have been created for use in brain chips, including organic electronics and graphene.
Because they are pliable and adapt to the surface of the brain, these materials lessen the
possibility of rejection and inflammation [39,40]. By using nanotechnology, implants can be
made ultra-small and less invasive, allowing for longer-term implantation and a lower chance
of negative side effects. These implants can also merge more seamlessly with brain tissue
[41,42].

3.6. Regaining sensational abilities

Brain-chip technology has advanced the restoration of sensory functions like vision and
hearing in addition to motor control. A well-established technique that directly stimulates the
auditory nerve, cochlear implants enable deaf people to hear. Speech recognition and sound
quality have both improved recently because of advancements in this technology. To help the
blind see, researchers are creating visual prosthetics that avoid damaged areas of the visual
system. Patients undergoing early trials with these "bionic eyes" have demonstrated
encouraging outcomes, including the ability to recognize simple shapes and movements
[43,44].

3.7. Frameworks for regulation and neuroethics

The development of regulatory frameworks to guarantee the safety and moral application
of brain-chip technology, as well as an increasing emphasis on neuroethics, are the results of
this technological progress. Organizations and research centers are creating policies to handle
concerns about informed consent, privacy, and autonomy in brain-chip applications. Current
advancements in brain-chip technology have created a plethora of opportunities for cognitive
enhancement, medicinal applications, and human-computer connection [45,46]. The ability to
heal neurological illnesses, restore lost functions, and boost cognitive capacities is quickly
becoming a reality thanks to advancements in neural signal recording, wireless interfaces, Al
integration, and biocompatible materials. But as technology develops further, ethical issues and
long-term safety continue to be crucial areas for attention [47].

4. ADVANCES IN NERVE CELL AND CHIP SIGNAL TRANSDUCTION

Over the past ten years, there has been a significant advancement in brain chip technology,
especially in the field of neuroengineering, where the goal is to create seamless connections
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between artificial hardware and real neurons. The main goal is to establish a two-way
communication channel that enables impulses to travel from the brain to a chip and vice versa
[48,49]. The main advancements in signal transmission between chips and nerve cells, or
neurons, can be divided into multiple technical categories:

4.1. Enhanced SNR (signal-to-noise ratio)

Achieving a high-quality signal transmission with little noise interference is one of the
biggest hurdles in brain-chip interfaces. Action potentials are electrical impulses produced by
biological neurons [50]. However, when these signals are recorded using chips or
microelectrodes, background noise from the biological tissue and the recording apparatus
might obstruct the important brain signals. The SNR has recently increased due to the following
An Advanced Electrode Design Smaller, more sensitive electrodes that can record neural
signals with less interference have been made possible by microfabrication techniques. Signal
Processing Algorithms of the ability to filter noise from neural signals has been made possible
by the development of complex computer models and machine learning algorithms, which have
improved the precision and clarity of signal identification [51,52].

4.2. Improving spatiotemporal resolution

The capacity to discern the specific location and time of brain activity is known as
spatiotemporal resolution. Accurately identifying and stimulating neural circuits at precise
times and locations is essential for brain-chip interfaces to function. The following
developments have led to advancements in this field are Multielectrode Arrays (MEAS), which
have hundreds or thousands of electrodes, can now monitor the activity of huge populations of
neurons at once, offering improved spatial resolution [53]. High-Resolution Imaging
Techniques: Developments in optogenetics and two-photon microscopy have made it possible
to visualize brain activity in vivo in real time, which helps with accurate neuronal activation
and recording. High-Frequency Stimulation Protocols, by improving temporal resolution,
researchers have created high-frequency electrical stimulation methods that provide more exact
control over the timing of neuronal activity [54,55].

4.3. Communication in both directions

Achieving bidirectional communication where information may be sent from neurons to a
chip for recording and from the chip to neurons for stimulation is a key objective of brain-chip
technology. Considerable advancements have been achieved in this field. Real-time neural
circuit electrical activity detection has been achieved through the development of implantable
devices. These gadgets have the ability to capture neural impulses and send information to
external processors. A closed-loop system records neural activity and uses that information to
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modify its stimulation in real time [56]. Neuroprosthetics and the treatment of neurological
conditions such as Parkinson's disease and epilepsy benefit greatly from these systems.
Optogenetic Stimulation, which uses light-sensitive proteins to manipulate neurons with light,
has created new avenues for the targeted, localized stimulation of particular brain circuits.
When comparing this approach to conventional electrical stimulation, the specificity is higher
[31,49].

4.4. Combining neural network-based computation

Neuromorphic processors, another name for brain-like chips, are made to resemble the
composition and capabilities of the human brain. Their ability to analyze vast volumes of data
in a way akin to neural networks makes it easier for them to interact with biological systems.
Neuromorphic Engineering, by simulating neural circuits, neuromorphic chips enable signal
processing that is quicker and more effective. In order to enhance the processing of neural
signals and for more smooth communication between artificial devices and biological neurons,
they are being incorporated into brain-chip interfaces [5]. Integration of Artificial Intelligence
(Al), Neural activity patterns are interpreted and predicted using Al and machine learning
algorithms. These instruments improve brain-chip systems' performance by enabling them to
adjust to the intricate and dynamic structure of neural impulses [26,57].

Assistive or ,

l
rehabilitative l ‘ \
BCI i '

Figure 5. Brain-Computer Interface (BCI)

4.5. Uses in neurological conditions

There has been a significant increase in the use of brain-chip interfaces in the treatment of
neurological illnesses. Research and clinical trials have shown how these technologies can
improve or restore brain function in people with the following conditions:

Paralysis and spinal cord injuries: Through the use of brain-computer interfaces (BCIs),
people who are paralyzed can now use their neurological signals to control robotic limbs or
computer cursors, as shown in Figure 5 [58,59].
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Epilepsy: In order to avoid or lessen epileptic episodes, closed-loop brain implants have
the ability to recognize when seizures are about to occur and to provide precise electrical
stimulation [58,59].

Parkinson's Disease: Devices for deep brain stimulation (DBS), which apply electrical
pulses to particular brain regions, have been improved to help patients with Parkinson's disease
better regulate their movement symptoms [58,59].

5. DEVELOPMENTS IN SPATIOTEMPORAL RESOLUTION AND SIGNAL-TO-
NOISE RATIO IMPROVEMENT

Improvements in spatiotemporal resolution and signal-to-noise ratio (SNR) are essential
for brain-chip interface technology. These upgrades boost nerve cell-chip communication,
increasing the system's efficacy for medical and cognitive uses.

5.1. Enhancements to signal-to-noise ratio (SNR)

Signal-to-noise ratio, or SNR, is a crucial measure in neural recording systems that shows
how good the signal is in comparison to the background noise. In the context of brain-chip
interfaces, where signals from the brain are frequently weak and muddled with noise from other
electrical processes, improving SNR is critical for effective neural signal interpretation.
Microelectrode Design and Material Advancements are More sensitivity and specificity have
been built into the modern microelectrodes utilized in brain-chip interfaces. Because of their
low impedance and biocompatibility, materials like graphene, platinum, and conductive
polymers are now routinely employed to reduce electrical noise [60]. Optogenetics by using
light to manipulate living tissue's cells, optogenetic techniques have improved the measurement
and regulation of neuronal activity with a high degree of specificity. By reducing the
interference from nearby neurons, this method improves SNR and produces signals that are
clearer. Advanced Signal Processing Algorithms, Noise can now be filtered out more
successfully thanks to new computational techniques, such as machine learning algorithms. By
separating significant brain activity from background noise and analyzing patterns in the data,
these methods raise the signal-to-noise ratio (SNR). Closed-Loop Feedback Systems have the
ability to instantly modify the recording parameters in response to changes in signal quality.
By continuously improving the parameters used to collect brain signals, these adaptive systems
raise the signal-to-noise ratio (SNR) [61-63].

5.2. Improving spatial-temporal resolution

The accuracy with which a system can identify neuronal activity in both space and time is
known as spatiotemporal resolution (spatial resolution and temporal resolution, respectively).
To fully comprehend the precise neuronal processes that take place within the brain, high
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spatiotemporal resolution is essential. High-Density Electrode Arrays allow for the
simultaneous recording of several neurons, new electrode arrays like the Utah and Neuropixels
arrays have greatly improved spatial resolution. With the help of these arrays, neuronal activity
readings can be more precisely localized, providing comprehensive details about various brain
regions [64]. Nanotechnology is utilizing nanomaterials in brain interfaces, incredibly tiny
probes that can capture signals from individual neurons with previously unheard-of precision
can be made. High spatial resolution is made possible by nanowires and nanotubes, which enter
neural tissue more deeply and accurately while inflicting less harm [65]. Multi-Scale Imaging
Improvements in imaging methods, such functional magnetic resonance imaging (fMRI) and
two-photon microscopy, have made it possible to see neuronal activity at many scales.
Researchers can now observe rapid, localized neuronal events by using these technologies to
monitor brain activity with high temporal and spatial resolution. Real-Time Neural Decoding
are advances in this field of neural decoding technology that enable the interpretation of neural
impulses almost instantly. These systems can record quick brain dynamics, which are essential
for comprehending functions like motor control and decision-making, by increasing temporal
resolution [66,67].

Figure 6. Integration of Al and Machine Learning

5.3. Systems hybrids

Through the integration of several technologies, hybrid systems that use multiple
methodologies to improve spatiotemporal resolution and signal-to-noise ratio have been
created. Optoelectronic and Electrophysiological Integration are Electrical and optical signals
from neurons that can be measured simultaneously when optoelectronic systems are combined
with conventional electrophysiological recordings. Neural recordings with this dual-modality
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method have improved temporal and spatial resolution. Brain-on-a-Chip Technologies is
creating platforms for studying neural networks in a regulated setting, brain-on-a-chip research
enhances the capacity to record signals with high spatial and temporal resolution. By simulating
neuronal activity in vitro, these platforms help researchers improve brain-chip technology prior
to using them in living things [68,69].

5.4. Sensing technologies for neurotransmitters

Advances in sensing technology have made it possible for brain-chip interfaces to precisely
measure the release of neurotransmitters, which has led to a deeper comprehension of neural
communication. In addition to detecting electrical activity, these molecularly based sensors can
also detect chemical changes, which improves signal quality [59,70].

5.5. Integration of Al and machine learning

Real-time neural signal decoding has been made possible by the incorporation of machine
learning (ML) and artificial intelligence (Al) algorithms into brain-chip interfaces as shown in
Figure 6. Al models can now forecast brain activity from noisy or incomplete data, which
improves temporal accuracy and SNR in signal identification [71,72].

6. EXPERIMENTAL OR MEDICAL CASE STUDIES OF SUCCESSFUL BRAIN-
CHIP INTEGRATIONS

Neural interfaces, sometimes referred to as brain-machine interfaces (BMlIs), or brain-chip
technologies, have demonstrated incredible potential in both experimental and therapeutic
contexts. The following are some noteworthy case studies that demonstrate how brain-chip
technology have been successfully integrated:

6.1. Brain gate; helping paralyzed Patients regain movement

Brain Gate is one of the most well-known brain-chip integration projects; it is a neural
interface device intended to restore movement to those with severe motor impairments.
Background are Brown University worked with other research centers to build the Brain Gate
system. It makes use of a tiny array of electrodes that have been inserted into the brain's motor
cortex, which regulates movement. By deciphering brain impulses linked to movement goals,
brain Gate aims to enable patients to operate external equipment, such as computer cursors or
robotic limbs [73].

Case Study In 2006, a patient recovering from a five-year spinal cord injury that left him
immobile from the neck down managed to use his thoughts to control a computer cursor. An
array of microelectrodes implanted in his brain to record neural activity related to movement
planning allowed for this achievement. By decoding these impulses and converting them into
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computer commands, the technology enabled the patient to carry out simple tasks like typing,
cursor movement, and even manipulating robotic limbs [74]. Results Brain Gate’s
accomplishments show that it is possible to use brain-chip interfaces to help paralyzed people
regain their ability to move. As a result of ongoing research advancements, some patients can
already operate increasingly sophisticated systems like robotic arms or assistive devices just
by thinking about their movements. Additionally, this method has given patients more
autonomy in terms of communication and environment interaction [75].

6.2. NeuroPace RNS System: Treating Epilepsy

An FDA-approved brain-chip technology called the NeuroPace Responsive
Neurostimulation (RNS) System is used to treat drug-resistant epilepsy. Epilepsy is a
neurological condition marked by recurrent seizures brought on by aberrant brain electrical
activity. As a result of certain patients' inability to manage their seizures with medicine, brain-
chip technologies that can instantly detect and stop seizures have been developed. A tiny,
sensitive neurostimulator is implanted in the skull as part of the RNS System, and electrodes
are positioned in the brain where seizure activity is occurring (Case Study) [76]. The apparatus
keeps an eye on brain activity all the time and looks for unusual patterns that might point to an
approaching seizure. The RNS system stimulates the brain to stop a seizure from happening
when it detects abnormal activity. Results of Patients using the RNS System reported a
significant reduction in seizure frequency many claiming a 50% or more reduction in seizures
in a multi-year study. Some patients' quality of life has greatly improved as a result of going
years without having a big seizure. The RNS System is an example of a brain-chip used
successfully in a medical setting, especially for a population with few options for therapy
[76,77].

6.3. Nathan Copeland's Case: Cortical Implants for Prosthetic Control

A ground-breaking instance from 2016 showed how brain-chip interfaces might be used to
operate robotic prosthesis with sensory feedback. Nathan Copeland was a patient in a
University of Pittsburgh research project who had been paralyzed from the chest down
following an automobile accident. A breakthrough in the field of neuroprosthetics, he was able
to control a robotic arm with his thoughts and receive sensory feedback from the robotic hand
thanks to a brain-chip implant. Case Study of Copeland's motor cortex included an array of
microelectrodes that he could manipulate to maneuver a robotic arm thanks to an implant. The
addition of sensory feedback, which allowed Copeland to “feel” when the robotic hand touched
items, was what set this example apart [78-80]. Somatosensory cortex is a brain region that
interprets touch sensations. This gave him control and realism that were before unattainable
with brain-chip systems that were solely motor-based. The development of completely
functional neuroprosthetic limbs is dependent on the ability of brain-chip interfaces to give
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sensory feedback in addition to restoring motor control, as demonstrated in this case. Outcomes
of Copeland was able to control the robotic arm precisely and reported being able to recognize
different types of touch, such as a firm grip or light pressure [80,81].

6.4. Deep brain stimulation (DBS) for Parkinson's disease

Another popular and effective use of brain-chip technology is Deep Brain Stimulation
(DBS), which is especially useful in the treatment of movement disorders like Parkinson's
disease. DBS entails implanting electrodes into particular brain regions, such as the globus
pallidus or subthalamic nucleus, which are involved in motor control. These electrodes are
attached to a neurostimulator, which provides Parkinson's disease sufferers with constant
electrical impulses to regulate aberrant brain activity [82]. In one instance, DBS implants were
given to a 60-year-old woman who was experiencing significant symptoms of Parkinson's
disease, such as stiffness and tremors, after medication was unable to adequately relieve her
condition. To lessen motor complaints, the neurostimulator was designed to give precise
electrical stimulation patterns. Results of the patient's tremors significantly decreased, his
motor control improved, and the dosage of his Parkinson's medication, which frequently has
serious adverse effects was lowered. DBS has been successfully utilized in thousands of
patients worldwide and is currently a routine treatment for advanced Parkinson's disease. In
clinical neurology, it is a dependable use of brain-chip technology [83,84].

6.5. Synchron’s Stentrode: a neural interface that is minimally invasive

A relatively recent innovation in brain-chip interfaces is Stentrode, created by the business
Synchron and providing a minimally invasive method. Open brain surgery is necessary for
traditional brain-chip systems, which entails risks and may be unfeasible for certain patients.
By delivering the brain implant through the bloodstream, the Stentrode eliminates the need for
invasive brain surgery. It is inserted into a blood artery close to the motor cortex, where it
records brain activity that is then wirelessly sent to an external gadget [85,86]. A patient who
suffers from the degenerative disease amyotrophic lateral sclerosis (ALS), which results in
motor function loss, was fitted with a Stentrode implant in 2021. Through the use of the
technology, the patient was able to communicate via text and email by utilizing only his or her
thoughts to manipulate a computer cursor. This example showed how brain-chip interfaces
could be administered less invasively, increasing the technology's accessibility for a wider
spectrum of patients [87]. The Stent rode’s success opens the door for more sophisticated
surgery-free brain-chip devices in the future. The practical applications of brain-chip
technologies in experimental and medicinal contexts are demonstrated by these case studies.
Brain-chip interfaces have the potential to significantly transform the treatment of neurological
disorders by treating epilepsy, increasing prosthesis control, and helping paralyzed individuals
regain their motor function. As these technologies develop further, they might open up even
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more opportunities to improve human potential and treat diseases that were thought to be
incurable [88,89].

7. INTEGRATION OF NEUROMORPHIC CHIPS FOR COGNITIVE
ENHANCEMENT

A state-of-the-art combination of computer engineering and neuroscience, neuromorphic
chips are made to resemble the composition and operations of the human brain. Neuromorphic
chips are designed to mimic the parallel processing power of biological neural networks, in
contrast to conventional computer processors that function in a sequential fashion shown in
Figure 7. This technology is very good at tasks involving complicated pattern recognition,
adaptive learning, and the decision-making process because it is inspired by the way neurons
interact, adapt, and learn from environmental stimuli [90].

Advanced .
Algorithms . 5 @ — I Low-Power Chips

Biocompatible . Al-Assisted
Materials Mapping
Wireless A® : : Modular
Solutions Eln 2&3 Platforms

Figure 7. Innovations in neuromorphic chips technology

7.1. Design inspired by biological neural networks

The artificial neurons and synapses that make up neuromorphic devices perform functions
that are comparable to those of their biological counterparts. These components are arranged
into interrelated networks that resemble the neuronal circuits found in the brain. Neuromorphic
chips use parallel processing, which enables them to handle complicated data at the same time,
in contrast to standard processors that work in a linear, step-by-step fashion [91].

7.2. Synaptic plasticity

These chips are made to mimic synaptic plasticity, which is the brain's capacity to change
the strength of neuronal connections in response to experience and learning. This characteristic
makes it possible for neuromorphic devices to learn dynamically without the need for
conventional programming by gradually improving performance in response to fresh inputs
[92].
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7.3. Spiking neural networks (SNNs)

Spiking Neural Networks (SNNs) are a major technological breakthrough in neuromorphic
circuits. SNNs only process data when neurons "spike" or engage, in contrast to standard
artificial neural networks that process data continually. In comparison to traditional processors,
this spike-based computation enables extremely efficient information processing, resulting in
lower power usage. Temporal Encoding: Information is encoded by neuromorphic devices
using the exact timing of spikes. They are ideal for real-time data applications like sensory
processing, pattern recognition, and decision-making because of their capacity to handle
temporal information [93,94].

7.4. Energy efficiency and low power consumption

Memristors are resistive memory elements that alter resistance in response to electrical
activity that has passed through them in the past. These components are used in certain
neuromorphic chips. Memristors facilitate learning and memory in hardware by simulating the
actions of biological synapses. Similar to the human brain, these components allow
neuromorphic systems to store and analyze information at the same time. Neuromorphic chips
made of biocompatible materials are being developed more and more for cognitive
enhancement, particularly in biomedical applications. By ensuring that implants can blend in
perfectly with biological tissue, these materials lower the possibility of inflammation or
rejection in the human body, as shown in Figure 8 [95,96].
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Figure 8. Challenges of neuromorphic chips for cognitive enhancement
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7.5. Integration with biological systems

Despite its enormous processing capacity, the human brain uses just around 20 watts of
power, making it remarkably energy efficient. Neuromorphic electronics use low-power
architectures to try to duplicate this efficiency. These chips are perfect for Al-driven systems,
implants, and portable devices because of their event-driven processing and parallelism, which
drastically lower energy usage. To enable computations that resemble the continuous signaling
found in biological neurons, several neuromorphic circuits combine analog and digital
components. This hybrid strategy preserves computational accuracy while lowering energy
requirements [71,97].

8. BIOCOMPATIBILITY AND LONGEVITY OF BRAIN-IMPLANT INTERFACES

The combination of artificial devices with biological systems has the potential to transform
human-machine interaction, medicine, and cognitive enhancement as brain-implant technology
develops. Making sure brain-implant interfaces are biocompatible and long-lasting enough for
prolonged usage is a crucial component of this technology. The ability of a substance or gadget
to carry out its intended purpose without triggering unfavorable bodily reactions is known as
biocompatibility. This entails reducing inflammation, immunological reactions, and long-term
harm to sensitive neural tissue in the setting of brain implants. To guarantee that implants
operate dependably over long periods of time and lower the hazards connected with surgical
procedures, good biocompatibility must be achieved [98].

Conversely, longevity emphasizes the implant's stability and longevity throughout time. An
effective brain-implant interface must continue to function well for years or even decades
without experiencing noticeable deterioration. This involves maintaining signal quality,
structural integrity, and functionality in the face of the human brain's dynamic environment,
which is subject to ongoing physical, chemical, and electrical changes. One of the biggest
challenges in creating sophisticated neural interfaces is striking a balance between these two
important characteristics. To develop implants that can blend in perfectly with brain tissue,
work efficiently, and provide patients and users with long-lasting advantages, creative
approaches in material science, engineering, and biological research are needed [99,100].

8.1. Material innovations for enhanced biocompatibility and longevity
flexible and stretchable electronics

Brain implants may now better adapt to the soft, irregular, and dynamic structure of the
brain thanks to the development of elastic and flexible materials including hydrogels, silicone-
based polymers, and polyimides. The mechanical characteristics of brain tissue are mirrored in
these materials. by lowering mechanical stress at the implant site, flexible electronics lessen
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discomfort, inflammation, and scarring. Long-term stability and the interface's capacity to
remain connected with the surrounding tissue are both enhanced by this [101,102].

8.1.1. Graphene and Carbon Nanotubes

Because of their superior electrical conductivity, flexibility, and biocompatibility,
graphene, a single layer of carbon atoms and carbon nanotubes are becoming cutting-edge
materials. These substances are utilized to create electrodes that are less prone to deteriorate
over time and are also more sensitive. Graphene-based implants have a lower chance of
immune rejection and preserve signal clarity, which extends the life of brain interfaces and
guarantees steady data transfer over extended periods of time [101,102].

8.1.2. Bio-Inert and Bioactive Coatings

Biocompatibility is increased by applying bio-inert coatings (like iridium oxide and
titanium nitride) and bioactive coatings (like calcium phosphate and bioactive glass) on
electrode surfaces. While bioactive coatings encourage integration with brain tissue, bio-inert
coatings prevent corrosion and minimize undesirable effects. By preventing the development
of scar tissue and lowering corrosion, these coatings guarantee that the implant will continue
to work steadily. Enhancing interface efficiency, bioactive coatings can potentially promote
brain cell adhesion and interaction with the implant [99,103].

8.1.3. Nanostructured Surfaces

Textures that resemble the natural environment of neurons are produced by applying
nanostructured surfaces, such as nanopatterning and nanowires. These surfaces enhance the
implant's stability and expand the surface area available for neural interaction. By improving
signal transduction and fostering improved neuronal adherence to the implant, nanostructured
surfaces can lower the chance of rejection. Over time, this results in brain-machine connection
that is more dependable and long-lasting [104,105].

8.1.4. Use of Soft, Bioresorbable Materials

Bioresorbable materials, such as silk-based electronics or magnesium, are made to
disintegrate innocuously once their function is completed. These materials are utilized for
short-term implants that are not required to be permanently inserted into the body. Short-term
treatments or temporary implants for diagnostic purposes lower the chance of long-term issues.
These materials' inherent capacity to biodegrade reduces patient risk by doing away with the
requirement for surgical removal [106,107].

8.2. Challenges in long-term stability
8.2.1. Case studies
8.2.1.1. NeuroPace RNS system for epilepsy
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A novel FDA-approved tool for treating drug-resistant epilepsy is the NeuroPace
Responsive Neurostimulation (RNS) System. It is made up of electrodes in the parts of the
brain linked to seizure activity and a tiny neurostimulator that is implanted in the skull. To
reduce immunological reactions, the RNS System makes use of biocompatible materials such
as flexible leads and medical-grade titanium. Because of its design, the gadget can stay in the
brain for a long time without suffering any serious damage. Over a number of years, patients
have demonstrated favorable outcomes, with a 50% or higher decrease in seizure frequency.
Many patients have had successful seizure control for more than five years with no significant
problems, demonstrating the system's long-term functionality, as shown in Figure 9 [108,109].

Signal Drift and Electrode e L
Impedance Changes v

Signal Quality Degradation -a ' ' r- Battery Life

Impedance Variability --' ! ' '-. Energy Harvesting
Material Degradation and Immune Response and
‘ Durability }\‘. ;'{ ® Inflammation
Material Fatigue -4 ! @ | - Chronic Inflammation
Environmental Impact --' '~- Autoimmune Reactions
Challenges
N - in Long-term .
[ Biofouling and Protein Adsorption } - Stability - {:Z:I: Stability of Neural Connections ]
Protein Layer Formation - [ r- Neural Plasticity
Cellular Interference --' o '~- Synaptic Stability
Heat Dissipation and Power E@j .+ 1 .| & Mechanical Stability and Device
Management 1 B Shifting
Heat Management Systems - - i r - Structural Integrity
Energy Efficiency --' i '~- Position Maintenance

[:‘—: Data Transmission Reliability }

r- Signal Loss

'~- Data Corruption

Figure 9. Challenges in long-term stability of brain chip technology

8.2.1.2. Deep brain stimulation (DBS) for Parkinson’s disease

For individuals with severe motor symptoms, Deep Brain Stimulation (DBS) has proven a
popular treatment for Parkinson's disease. A pacemaker-like device is implanted in the chest,
and electrodes are placed in particular parts of the brain, such as the subthalamic nucleus.
Platinum-iridium electrodes, which are inert to human tissues and resist corrosion, are used in
DBS systems to reduce inflammation. DBS implants have proven to be stable over the long
term; they typically survive 10 to 15 years before needing to be replaced. For many years, the
electrodes have continued to deliver electrical pulses effectively and with little interference. In
DBS systems, maintaining a steady signal-to-noise ratio is essential. Advances in electrode
design and coating have reduced the production of scar tissue around electrodes and increased
signal stability [110,111].
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8.2.2. BrainGate Neural Interface for Paralysis

BrainGate neural interface technology was created to assist people who suffer from severe
paralysis in regaining control over external devices, like robotic limbs or computer cursors.
The motor cortex is implanted with a microelectrode array as part of the system. The
biocompatible silicon and parylene coatings on the microelectrodes lessen the body's
immunological reaction. Because of its minimally invasive construction, the array only slightly
disturbs the surrounding brain tissue. BrainGate implants have demonstrated dependable
performance in a 13-year follow-up study, with some users retaining efficient device control
for almost ten years. Careful observation and gradual changes support the electrodes' lifespan
[112,113].

8.2.3. Synchron’s Stentrode: Minimally Invasive Neural Interface

Synchron created the Stentrode, a less invasive brain implant that replaces open brain
surgery by being placed through blood arteries. It is used to assist paralyzed patients in using
their thoughts to operate digital devices. The materials used to make the Stentrode are
extremely flexible and biocompatible, adapting to the walls of blood vessels. Because it doesn't
directly enter brain tissue, the design lowers inflammation and lowers the possibility of
immunological reactions. Preliminary testing indicates that the Stentrode can function
efficiently for more than a year without deteriorating. It is a viable choice for long-term
applications because of its less invasive nature [88,114].

9. CHALLENGES AND LIMITATIONS
9.1. Technical difficulties in realizing successful brain-Chip communication

Though brain-chip technology has advanced remarkably, a number of technological
obstacles still stand in the way of completely functional brain-chip communication. These
difficulties are caused by a number of factors, including power needs, biological compatibility,
material constraints, and signal interpretation [28].

9.1.1. Long-term stability and biocompatibility

Degradation of Material are Electrodes and other materials used in brain-chip interfaces
often deteriorate over time in the body's environment. Prolonged exposure to the hostile
environments found inside the brain (salts, proteins, and moisture) can lead to corrosion, which
lowers signal quality and eventually causes the device to malfunction. immunological
Response When brain implants are perceived by the body as foreign objects, an immunological
response may ensue. This may lead to the production of gliosis, or scar tissue surrounding the
implant. This decreases the efficiency of the interface by raising impedance, which lowers
signal-to-noise ratio and impairs the precision of communication between the chip and neural
tissue. Sharp electrodes on invasive devices, in particular, have the potential to harm sensitive
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brain tissue. Even though some of these worries have been allayed by material advancements
(such as flexible electrodes and nanomaterials), there is still a chance of irritation or harm,
particularly with prolonged use [28,35].

9.1.2. Acquiring and interpreting signals

Weak and Noisy Signals Since neural signals are frequently faint and masked by noise, it
can be difficult to distinguish and correctly interpret them. The electrical activity of the brain
is made up of hundreds of simultaneous neuronal firings, and one major challenge is separating
biological or environmental background noise from meaningful patterns. Oscillations Ronal
Dynamics Intricate feedback loops and synchronized neuronal oscillations are only two
examples of the many complex and non-linear ways in which the brain functions. Since current
neural behavior models are frequently too basic to accurately represent how the brain actually
functions, it is currently very challenging to capture and interpret this activity in a way that
results in meaningful brain-chip communication. Temporal Synchronization, Neural events
frequently occur in milliseconds or less. It is extremely difficult to record these events in real
time and guarantee that the chip reacts synchronously and precisely; this calls for fast data
collecting systems and exact timing techniques [10,115].

9.1.3. Energy efficiency and power supply

Power Restraints Both brain chips and implants need electricity to function. But supplying
consistent, long-lasting power within the brain presents formidable technical obstacles.
Because of their bulk and short lifespan, batteries are not the best option for implanted devices.
Although promising, wireless power transfer mechanisms still need to be developed further to
guarantee efficiency and safety. Heat Dissipation Heat produced by electronic components can
be dangerous if they are positioned inside the brain. The amount of power that can be supplied
to the brain-chip interface is limited by the potential for tissue injury and inflammation caused
by excessive heat. One of the main challenges is designing energy-efficient, low-power
systems with little heat generation [116].

9.1.4. High density neural interfacing

Difficulties with Scaling, even with the substantial advancements in electrode arrays and
other interface technologies, matching the complexity of the brain with the number of
connections remains a formidable problem. Only a small portion of the billions of neurons in
the brain can currently be interacted with by existing technologies. It is quite challenging to
realize high-density, multi-channel interfaces that are able to capture and analyze a huge
number of signals without interference. Crosstalk Between Channels, there is a chance that
signals from adjacent electrodes will interfere with one another when many electrodes are
positioned near to one another. This can cause signal distortion and lower brain-chip
communication accuracy, particularly in high-density electrode arrays [117,118].
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9.1.5. High data volume

Data Transfer and Processing Brain-chip connections produce enormous volumes of data,
particularly when multimodal sensors (e.g., combining electrical, optical, and chemical
recordings) are used or high-density electrode arrays are recorded from. This data must be
transferred wirelessly and processed in real time, which calls for powerful computers and
effective data transfer protocols. Minimizing latency, or the time lag between the brain and the
chip during real-time communication, is crucial for applications like brain-machine interfaces
(BMis) that require quick reactions (such manipulating a robotic limb). Resolving low-latency
data transport and processing issues is necessary to enable more smooth brain-chip
communication [28,45].

9.1.6. Size constraints

Miniaturization and Integration Devices for brain chips must be tiny enough to be securely
inserted into the skull or brain. This necessitates the effective downsizing of intricate electronic
circuits and sensors without sacrificing performance. Chips can have problems with power,
heat dissipation, and signal capture as they get smaller and more prone to malfunction.
Alignment with Current Neural Networks For brain-chip communication to be successful, the
chip must blend in perfectly with the current neural networks. It is a difficult task to make sure
the gadget interacts with certain neurons or neural circuits in a way that does not interfere with
regular brain function. In an environment thus highly populated, it is challenging to target
individual neurons selectively without harming nearby areas [118,119].

9.1.7. Regulatory and ethical difficulties

The development and implementation of brain-chip interfaces have substantial hurdles that
extend beyond technical ones, such as ethical and legal issues. Privacy and Security of
Sensitive information about a person's thoughts and mental state is contained in neural data. It
is quite difficult to guarantee this data's security and privacy both during transmission and
storage. The potential consequences of unauthorized access or manipulation of neurological
data on an individual's privacy and autonomy could be significant. Safety and Safety
Guidelines of Another obstacle is creating global guidelines for the effectiveness, safety, and
control of brain-chip interfaces. Widespread deployment of these devices is challenging
because different nations have different regulatory requirements and because it is still unclear
how these devices will affect human health in the long run. The technical impediments in the
way of brain-chip connection continue to be significant, ranging from biocompatibility
concerns to signal gathering and data processing constraints. Continued progress in materials
science, computational techniques, and biomedical engineering will be necessary to overcome
these obstacles. Before brain-chip interfaces are fully incorporated into clinical and consumer
applications, ethical issues and the technology’s long-term safety must also be addressed
[49,120].
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9.2. Concerns for society and ethics

Although brain-chip technologies are highly promising for advanced applications such as
medical and cognitive, they also bring up important ethical and societal issues. As technology
advances, it is imperative to tackle these issues to guarantee its responsible and equitable
implementation.

9.2.1. Data Security and privacy

Large-scale neural data collection is required for the integration of brain-chip interfaces,
and this data may contain private information about thoughts, feelings, and identity. This
presents a number of dangers to data security and privacy; Unauthorized Access Unauthorized
parties may be able to access or intercept neurological data, which could result in misuse.
Hackers might alter or take advantage of data, breaching someone's privacy on a very personal
level. Data Ownership It is controversial to decide who is the owner of the data produced by
brain-chip interfaces. Who is at fault here the patient, the hospital, or the chip manufacturer?
In order to stop exploitation, copyright and usage rights must be resolved. Surveillance and
Control of Brain-chip technologies could be used by governments or businesses to monitor
people’s thoughts and activities. This can result in more controls that restrict people's freedom
and autonomy [44,121].

9.2.2. Autonomy and informed consent

Informed permission raises serious ethical issues for anyone employing brain chips,
particularly in medical settings: Complexity of Understanding Due to the high level of
complexity associated with brain-chip technology, patients and users may find it challenging
to completely comprehend the risks, advantages, and long-term effects. It is necessary to
clearly explain the possible outcomes, such as unexpected side effects or losing control over
specific brain functions, in order to obtain informed consent. Autonomy and Agency There is
worry that users may lose some degree of autonomy due to the potential for brain chips to affect
cognitive or motor skills. If chips have the ability to change behavior or decision-making, it
may raise concerns about who is actually in charge of the user or the technology itself. Use in
Vulnerable Populations There are worries regarding the application of brain-chip technology
in susceptible groups, where it may be difficult to distinguish between voluntary and forced
adoption, such as inmates, patients with serious neurological disorders, or people with
disabilities [122].

9.2.3. Cognitive inequality and neuroenhancement

Brain-chip interfaces may improve cognitive processes like memory, learning speed, and

decision-making in addition to helping to restore lost functions. This raises questions on equity

and justice: Restoration vs. Cognitive Enhancement There is a moral divide between the use of
brain chips for cognitive development in healthy individuals and their restoration of lost
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functions (for example, in patients recovering from a stroke or paralysis). The latter calls into
question the equity of granting access to "superhuman" cognitive talents to some individuals at
the expense of others. Widening Economic and socioeconomic Gaps If pricey brain-enhancing
technologies become accessible, they may make already-existing disparities worse. Richer
people may become more intelligent or physically fit, forming a the so-called " elite, while
others are shut out, widening the gaps in society. Pressure to Enhance People may experience
pressure to accept brain-chip upgrades in order to stay competitive in situations such as
education or the workplace, despite any ethical issues or potential health consequences. This
might result in a society where improving one's cognitive function is required rather than
optional [46,123].

9.2.4. ldentity and Mental Health

Concerns over brain chips' effects on psychological well-being and personal identity arise
from their potential to modify cognitive functions and emotions: Alteration of Personality
Brain chips run the risk of changing a person’s fundamental personality if they have the ability
to affect emotional or mental processes. This calls into question the morality of these kinds of
modifications. If a chip is influencing someone's feelings or thoughts, are they still
"themselves"? Risks to Mental Health Using brain chips may have significant psychological
effects. The presence of a foreign device in the brain might cause anxiety or depression in some
people, and if it affects their mental processes, it can cause identity problems in others.
Dependency If brain chips are employed for cognitive enhancement, there is a chance that they
will lead to psychological dependence. Users might grow dependent on the technology to
perform fundamental tasks, which could have long-term repercussions if it breaks down or they
cannot use it [124,125].

9.2.5. Courtesy of law and regulation

Legal and regulatory frameworks face issues as a result of the rapid growth of brain-chip
technology since they might not be able to address the ethical quandaries raised by such
innovations. culpability and Liability Determining legal culpability may be challenging in
situations where brain-chip technological advances malfunction or causes harm. Which party
is at fault, the healthcare provider or the manufacturer? Liability establishment in such
situations presents a substantial legal problem. Intellectual Property Concerns regarding
intellectual property rights surface if brain-chip interfaces improve cognitive functions or store
data. Who is the owner of the ideas or works produced using the chip of the person who
produced the technology or the business? Control of Augmentation vs Therapeutic Application
Regulators need to make a rigorous distinction between the use of cerebral chips for
enhancement and therapy. Rules governing when and how such technology can be utilized
ethically must be created, especially when it comes to cognitive improvement [126,127].

9.2.6. Research and development's ethical concerns



Anal. Bioanal. Electrochem., Vol. 17, No. 2, 2025, 85-134 114

Additionally, the advancement of brain chip technology raises ethical questions for
research, especially with regard to testing procedures: Animals and Human Testing Invasive
techniques on humans or animals are frequently used in brain chip testing. The suffering of
rodents and the possible mistreatment of human subjects raise ethical questions, especially if
the long-term implications of cerebral chips are not known. Risk of Experiments on Certain
Groups There is a chance that test subjects for untested brain-chip technology, such as people
with severe neurological illnesses or impairments, will be selected without a thorough
knowledge of the associated hazards [121,128].

9.3. Long-term functionality and compatibility constraints in current brain-chip technology

While brain-chip technology has advanced significantly, there are still a number of issues,
mostly with regard to compatibility and long-term performance. Some of the main restrictions
are listed below:

9.3.1. Problems with biocompatibility

Finding long-term biocompatibility in brain-chip technology is one of the main obstacles.
Because the brain is such a delicate and changing organ, putting foreign items in it, such chips
or microelectrodes, can have a variety of negative effects. Foreign Body Intervention
Embedded chips or electrodes are frequently recognized by the immune system as foreign
objects, which may cause an immunological reaction. This causes inflammation, gliosis, and
the development of a fibrotic membrane surrounding the implant, which over time deteriorates
the quality of signals being recorded and lowers the functionality of the device. Tissue harm If
an electrode or chip is implanted repeatedly, neural tissue may sustain mechanical harm,
particularly if the gadget moves or shifts inside the brain. In addition to degrading the signal,
this could hurt or discomfort the patient. Material Degradation When exposed to the living
milieu of the brain, materials utilized in brain-chip connections, such as metallic substances
and polymer chains, may deteriorate with time. This can exacerbate biocompatibility problems
by causing corrosion or the leaching of harmful materials [28,70].

9.3.2. Signals' long-term stability

The inability of current brain-chip technology to sustain the consistency and quality of
neural impulses over extended periods of time is a significant drawback. This is critical for
applications requiring long-term, dependable communication, such as neuroprosthetics or
brain-machine interfaces (BMI). Signal Degradation Brain chips frequently capture signals
whose quality deteriorates over time. One possible explanation for this could be the
immunological response (discussed above) or a breakdown in the electrodes' attachment to the
brain tissue. This deterioration may result in a worse signal-to-noise ratio (SNR), which would
make it more challenging to precisely interpret the electrical activity of the brain. Electrode
Longevity As a result of encapsulation, corrosion, and the buildup of biological detritus,
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electrode performance often deteriorates over time. These elements eventually cause signal
loss, decreased sensitivity, and increased impedance. Signal Drift Over time, changes in the
physiological condition of the brain, external circumstances, or moving electrodes can cause a
drift in brain signals. Long-term brain-chip interface use is made more difficult by this drift,
which necessitates regular device reimplantation or recalibration [76,129].

9.3.3. Source of energy and power

Another significant obstacle is providing long-term brain-chip interface power. For these
gadgets to work, constant energy is needed, yet external power sources and batteries have
drawbacks. Longevity of Battery A lot of brain-chip devices run on batteries, which require
periodic replacement or recharging. Most users find periodic replacement or recharging to be
intrusive and inconvenient, especially those with medical issues that necessitate constant use
of the device. Wireless Power Transfer Although wireless power transfer has the potential to
be a solution, its efficiency, range, and ability to heat tissue are still at limits. Long-term use of
wireless power systems can cause safety issues since the heat buildup in the surrounding tissue
might damage tissue or impair the functionality of the gadget [130].

9.3.4. Limitations on data transmission and processing

Long-term use is further limited by the current quality of communication for information
in brain-chip interfaces, especially as data volume increases. Restrictions on Bandwidth Brain-
chip connections produce enormous volumes of data, particularly in those systems that try to
capture information from a lot of neurons. For wireless data transmission, the available
bandwidth is frequently sufficient to handle the resulting data load for extended periods of
time, especially when it comes to maintaining the signal quality. Latency Real-time
applications like brain-machine interfaces (BMIs) and neurological prosthesis may perform
less well if there are delays in the transmission and processing of brain signals. Actual control
of other equipment requires low latency, yet current systems still have delays because of
hardware constraints and signal processing durations [31,49].

9.3.5. Mechanical and structural limitations

Long-term brain-chip device performance may also be constrained by their physical
characteristics. Size and Aggressiveness A lot of brain-chip systems still need somewhat large
implants, which raises the possibility of rejection, infection, or internal brain displacement. To
minimize tissue injury and increase the devices' long-term compatibility, they must be made
smaller and more flexible. Electronics: Rigid versus Flexible The majority of brain-chip
interfaces on the market today are built using inflexible electronic parts, which are
inappropriate for the flexible, squishy structure of brain tissue. Because the brain moves during
regular physiological functions like breathing and heartbeat, stiff electrodes may injure neural
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tissue or lose contact with it. Although they are being studied, flexible, bioresorbable circuits
are not yet often used in therapeutic settings [28,49].

9.3.6. Price and availability

Many potential consumers' access to brain-chip interfaces is limited by the expensive
expense of designing, implanting, and maintaining them. Extended usage raises the total cost
because it necessitates routine follow-up treatment, possible gadget replacement, and cutting-
edge monitoring systems. brain-chip technologies seem very promising, but there are a lot of
obstacles to overcome, including compatibility and long-term performance issues. To ensure
the safe, efficient, and long-lasting usage of these devices, breakthroughs in biocompatibility,
signal equilibrium, power solutions, and laws and regulations will be necessary to overcome
these challenges [76].

10. FUTURE PROSPECTS OF BRAIN CHIP TECHNOLOGY
10.1. Possible uses to improve cognitive capabilities

Brain-chip technology has great promise for improving cognitive capacities in the future.
Possible uses include enhanced memory and sophisticated human-machine communication.
These developments have the potential to change how people engage with technology and how
we process, store, and ultimately access information [131].

10.1.1. Improving memory

Improving memory in people is one of the most exciting uses of brain-chip technology.
Neural implants are being investigated as a potential tool for improving long- and short-term
memory. Memory Restoration Brain chips may be able to help people who are losing their
memories as a result of aging, Alzheimer's illness, or brain injuries. These chips may assist in
remembering lost memories or improve the way new information is stored by interacting with
the hippocampus respectively the part of the brain involved in memory creation and retrieval.
Memory Augmentation Brain chips have the potential to improve a person’s innate memory
beyond memory restoration. It is feasible to retain and recall large amounts of information
faster and more accurately than is naturally attainable by directly interacting with brain regions
involved in memory storage and retrieval [44,131].

10.1.2. Accelerated learning

Brain-chip technology has the potential to improve learning speed by enhancing the brain's
ability to process and retain new knowledge. Neural Stimulation for Discovering Brain chips
may accelerate learning by improving neuroplasticity, or the brain's capacity to make new
connections, by stimulating particular neural circuits. This might be especially helpful for
learning new languages, abilities, or information more quickly. Direct Learning Transfer A
futuristic but realistic use case for brain-chip interfaces is the idea of "uploading” knowledge
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immediately into the brain, in @ manner akin to how data is sent to a computer. Information
could be encoded into a person's cerebral circuitry, allowing them to become an expert in a
subject matter within hours or days, instead of needing years to learn [28,59].

10.1.3. Improving concentration and attention

A further possible use is in improving concentration and focus. Brain chips could greatly
enhance one's capacity to focus on difficult activities or block out distractions, two essential
cognitive abilities. Attention Modulation Brain chips have the potential to help people maintain
extended periods of concentration by modifying the neural networks that control attention and
focus. Applications for this might be found in the fields of education, high-performance
workplaces, and even the arts and creative endeavors. Boosting Intellectual Control Improving
the brain's capacity to efficiently allocate cognitive resources may help in decision-making and
multitasking. Brain chips might make it easier for users to switch between tasks and prioritize
different kinds of information processing according to the circumstances [132,133].

10.1.4. Enhanced decision-making and problem-solving

By giving people access to more sophisticated analytical and cognitive processing powers,
brain-chip interfaces may improve people's capacity for making decisions and solving
problems. Enhanced Logical Processing Brain chips have the potential to improve a person's
ability to analyze complex problems and find optimal solutions more quickly by enhancing the
processing of information in the prefrontal cortex, which is in charge of mental processes like
making choices, tackling problems, and logical reasoning. Real-Time Data Access by
integrating brain chips with cloud-based Al systems, people may be able to access enormous
amounts of data in real-time, which would help them make well-informed judgments. In
professional environments like banking, medicine, or mechanical engineering, where choices
frequently need to be made fast and based on a lot of information, this would be especially
helpful [132,133].

10.1.5. The promotion of creativity and innovation

Another fascinating use of brain-chip technology is to improve creativity and
inventiveness. Deep ramifications may result from the ability to activate brain areas related to
creative thinking and divergent thinking. Stimulating Creative Thinking People who use brain
chips may find it easier to come up with fresh solutions to issues by activating brain circuits
linked to creativity and imagination. In industries like literature, design, science, and the arts
where originality is essential to success, this might be helpful. Enhanced Collaboration The
technology may improve group creativity and problem-solving by facilitating continuous
interaction and idea-sharing amongst brain-chip patients. "Neural collaboration” may lead to
speedier ideation sessions and more creative solution generation [43,134].
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10.1.6. Increasing 1Q and intelligence

Brain chips could theoretically increase 1Q in the future via improving cognitive function
or overall intelligence. Cognitive Processing Speed Cerebral chips may accelerate the brain's
information-processing speed, enabling people to think more quickly and solve more
challenging issues. This could be especially helpful for careers in high-level strategy, military
operations, emergency response, or other fields requiring quick thinking and decision-making.
Enhancing Functioning Memory Brain chips have the potential to greatly increase working
memory by enhancing the brain's capacity to store and process information in real time. This
would enhance a person's ability to concurrently handle complicated information, which is
essential to higher intellect [123,135].

10.1.7. Improving human-Al communication

The ability of brain-chip technology to enable smooth communication between
computerized intelligence (Al) systems and human beings is among its most revolutionary
characteristics. Brain-Machine Interfaces (BMIs) Cerebral chips may provide direct brain-to-
Al system communication, enabling immediate operation of computers, machines, or other
devices without the use of conventional input techniques like speaking or typing. This has the
potential to transform sectors like automation, healthcare, and robotics. Cognitive Assistance
Artificial intelligence-enabled brain chips could serve as cognitive assistants, supporting
people in processing information, coming to decisions, and finishing activities. Al may, for
instance, provide recommendations, identify mistakes, or forecast results all in real time and
right into the user's mind. Improving Emotions and Empathy Brain-chip technology has the
potential to improve social interactions and interpersonal relationships by augmenting
interpersonal skills and empathy, in addition to intellectual and analytical capacities. Emotion
Regulation Brain chips may be able to assist people with mood disorders like anxiety or
depression by interacting with the emotional centers of the brain. Stress management and
interpersonal communication may both benefit from improved emotional regulation. Empathy
Enhancement by enabling people to more fully comprehend and experience others' emotions,
brain-chip technology may help people become more empathic. In both personal and
professional settings, this could enhance social cohesion and teamwork [71,72].

10.2. Consequences for digital connectivity and human enhancement

Future brain chip technology offers revolutionary opportunities for computer integration
and human enhancement. These technologies will have a profound effect on how people
interact with gadgets, process information, and develop their physical and mental capacities as
they develop.
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10.2.1. Human augmentation and enhanced cognitive abilities

The potential for brain chip technology to improve human intellect and boost natural talents
is one of its most fascinating applications. This extends beyond domains where neural chips
can boost cognitive function and 1Q in healthy people, such as the treatment of neurological
disorders. Accelerated Learning Brain chips could speed up learning by merging into the brain
circuits in charge of processing new information. This might significantly shorten the time
needed to learn new abilities or information, making it possible for people to pick up
sophisticated scientific ideas, programming languages, or new languages in a far shorter
amount of time. Multitasking and Mental Understanding Neural chips may facilitate the brain's
ability to process several information streams at once. As a result, users would be able to do
jobs that call for a high level of multitasking or intricate decision-making more quickly than in
the past. Direct Brain-to-Brain Conversation Brain-to-brain communication, often known as
telepathy, may result from the combination of brain chips with computer networks. This could
completely transform interpersonal communication by allowing people to speak directly with
each other's minds [136,137].

10.2.2. Human-machine interface (HMI) and digital integration

Brain chip integration with digital infrastructures and gadgets will lead to smooth Human-
Machine Interfaces (HMI) and new types of human-machine interaction. Brain-to-Machine
Control Brain chip technology will enable direct brain-to-machine control, enabling the use of
thinking alone to operate machines, robotic prostheses, and other equipment. For people with
impairments, this holds great promise as it allows them to engage with their surroundings or
operate assistive technology without requiring them to move physically [138, 139]. Human-
Computer Symbiosis by enabling seamless integration between humans and digital systems
through brain chip connections, a symbiotic relationship between computers and Al might be
formed. Through this connection, people would be able to use only their thoughts to navigate
the internet, interpret data, and communicate with Al-driven platforms in real time. A more
cohesive type of intelligence would emerge from the blurring of the boundaries between human
and machine intelligence. Immersive Virtual and Augmented Reality by directly interacting
with the brain's sensory and motor systems, brain chips have the potential to offer completely
immersive virtual reality (VR) and augmented reality (AR) experiences. Without the use of
outside equipment like VR headsets or controllers, users might interact with supplemented
environments and participate in virtual worlds that feel just as genuine as the real world [140].

10.2.3. Physical Augmentation and Cybernetic Integration

Beyond improving cognitive function, brain chips may also be able to increase physical
capabilities and push the limits for what the human being is capable of. Prosthetic Control
Brain chips may enable direct control of sophisticated prosthetics capable of functioning as
naturally as genuine limbs for those who have lost limbs or are physically disabled. For people
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with physical disabilities, this will improve their quality of life by enabling greater intuitive
movement and dexterity. Robotic skeleton and Robotic Enhancements Robotic skeleton and
robotic enhancements could be controlled by brain chips, giving individuals greater physical
strength and endurance. Through the employment of this technology, soldiers, rescue
personnel, and even regular people may be able to accomplish feats of power and endurance
that are beyond the scope of human possibility [141]. Sensory Augmentation Neural chips have
the potential to augment or perhaps create new senses. Through direct brain integration, people
might be able to comprehend infrared energy, ultrasonic sound, and possibly environmental
information like electromagnetic fields or air quality. Life expectancy and Health Monitoring
Neural chip technology has the ability to monitor physiological status of the body continuously
by integrating with other biological sciences and digital health systems. This could lead to
improved health outcomes and an extended human lifespan. These systems could manage
chronic diseases, identify early signs of disease, and even intercede in life-threatening
circumstances through automated therapeutic reactions by detecting brain signals and physical
wellness indicators [142].

10.2.4. Artificial intelligence (Al) integration

A key component of human augmentation will be the integration of Al and brain implants.
People could have access to real-time data assessment, cognitive improvements, and
instruments for making decisions that far surpass human capabilities by linking their cerebral
cortex to Al systems. Al-Assisted Decision-Making Users may be able to access Al systems
through brain chips that analyze enormous volumes of data and provide well-suited answers to
challenging issues. This Al integration could improve decision-making by delivering real-time
support and analysis straight to the user's head in industries including business, medicine, and
engineering. Personalized Al Assistants With the incorporation of brain chips, Al assistants
might be far more tailored to the requirements, preferences, and thinking of each user by
learning from their neurological activity. This would enable people to communicate with their
digital assistants in a natural and intuitive way, increasing the efficiency of both personal and
work-related duties. Cognitive Collaboration with Al Real-time, fluid interactions between
human intelligence and Al may be made possible via brain chips. Al systems and humans could
collaborate on thought processes, taking advantage of Al's speed and processing capacity while
retaining control over more complex decision-making [143,144].

10.2.5. Social and ethical consequences

There are also important philosophical, sociological, and ethical issues raised by the
possibility of brain chip-based human enhancement and computer integration. Privacy
Concerns There will be grave worries over data privacy if brain chips are able to interface
directly with digital networks. It will become imperative to safeguard critical brain information
and stop illegal access to a person's ideas or cognitive functions. Social Inequality if only some
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groups are able to pay for cognitive or physical upgrades, then utilization of brain chip
technology may worsen social inequality. This might lead to a new sort of socioeconomic order
based on physical or cognitive talents, dividing those who receive augmentation from those
who do not. Personality and Autonomy The distinctions between individual freedom and
machine control may become hazier if brain chips are integrated with artificial intelligence and
digital systems [118]. People could wonder if any of their choices and ideas are really of their
own accord and just how much is shaped by technology. Regulatory and Ethical Boundaries to
guarantee the safe, moral, and egalitarian implementation of brain chip technology,
governments and regulatory agencies must set down precise rules. Careful thought will need
to be given to issues like mind control, mental surveillance, and enhancement for military use.
Brain chip technology has a lot of potential for technological integration and augmenting
humans in the future. These technologies will transform human thought processes, learning
processes, interactions with technology, and mental and physical capacities as they advance.
But these developments also present important moral, societal, and legal issues that must be
properly resolved [145,146].

10.3. Medical uses of neurological disorders for stroke, epilepsy, and paralysis

The use of brain chip technology in medicine has enormous promise, especially for the
treatment of neurological conditions. Normal brain function is disrupted by conditions
including epilepsy, paralysis, and stroke, which frequently result in severe disability. By
modifying aberrant brain activity or recovering lost functions, brain-chip interfaces can provide
promising remedies. A thorough analysis of brain-chip technology's potential to treat certain
illnesses is provided below:

10.3.1. Incapacitation

When spinal cord traumas or neurodegenerative disorders produce paralysis, the brain-
muscle link is frequently severed, impairing motor function. By avoiding damaged cerebral
circuits and directly interacting with external devices, brain-chip technology seeks to close this
gap. Brief-Machine Interfaces (BMI) to Restore Mobility with BMIs, paralyzed people can
operate prosthetic limbs or other external equipment only with their minds. Brain chips provide
a major increase in independence and movement by detecting electrical signals from the
cerebral cortex and translating brain activity into orders that drive robotic arms, the exoskeleton
or wheelchairs [118,147].

Example: Neural activity from transplanted chips has been used to demonstrate that people
with a condition called can control a robotic limb or computer cursor through systems such as
Brain Gate technology. As these systems develop, users may be able to control gadgets more
precisely, enabling more natural and intuitive movement. Direct Muscle Stimulation using
Neuroprosthetics by directly interacting with the nervous system within the body, brain chips
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have the potential to stimulate the body's own muscles in addition to external devices. People
would be able to move more naturally as a result [148]. The chip could bypass injured nerves
and restore voluntary movement by sending electrical impulses to muscles by interpreting
motor intents from brain activity. Spinal Cord Stimulation to restore a certain degree of
voluntary movement in individuals with spinal cord injuries, brain chips can be used in
conjunction with electromagnetic stimulation devices that are placed in the spinal cord.
Research has demonstrated that individuals with incomplete paralysis might regain the capacity
to walk or carry out basic tasks when brain function is recorded by an electronic device and
transmitted to a neurological stimulator [149,150].

10.3.2. Rehabilitation after Strokes

A stroke is caused by an interruption in the blood circulation to a specific area of the brain,
which damages the brain and frequently results in impairments to sensory, motor, or cognitive
functions. By aiding in the restoration of brain function and making up for lost abilities, brain-
chip technology presents potential uses in stroke rehabilitation. Recovery of Motor Function
by promoting neuroplasticity the brain's capacity to rearrange itself through the formation of
new neural connections brain chips can aid stroke victims in regaining their motor function.
By identifying motor intent and delivering real-time feedback or treatment to stimulate the
neural pathways involved in movement, a brain-chip connection can be utilized in conjunction
with rehabilitation therapy to improve motor recovery [31,129].

Example: Using brain-computer interfaces (BCIs), which convert cerebral signals into
movements, stroke victims have been able to manipulate automated arms or virtual avatars in
experimental situations. Even in situations where they are unable to move their limbs, this
allows patients to relearn and practice their motor abilities. Brain Stimulation Therapies To aid
in the restoration of function, specific electrical stimulation may be administered via brain
chips to stroke-affected brain regions. For example, deep brain stimulation (DBS) can be used
to lessen motor deficits in stroke survivors by stimulating particular regions involved in
movements, guided by brain chips [151]. Neurofeedback for Cognitive Recovery Memory,
attention, and problem-solving skills are among the cognitive abilities that might be affected
by strokes. Through the provision of real-time neurofeedback, brain-chip interfaces can aid in
cognitive recovery by enabling sufferers to "train™ their brains to restore lost functions. Patients
can improve their cognitive recovery by learning how to control their brain activity with the
help of neurofeedback-based technologies [152,153].

10.3.3. Dementia

A neurological condition called epilepsy is typified by recurring seizures brought on by
aberrant brain electrical activity. Medications and, in certain situations, surgery are currently
available therapies; however, not every patient may benefit from these choices. Brain-chip
technology opens up new possibilities for managing and treating epilepsy more successfully.
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Seizure Monitoring and Prediction Brain chips fitted with sophisticated algorithms are able to
identify unusual brain activity and anticipate seizures before they happen. These devices
continuously track cerebral activity, and when they notice unusual patterns, they can notify the
caregiver or patient so that preventive measures can be taken to lessen the severity of the seizure
or avoid harm [58].

Example: Businesses are working on implantation brain chips that can track electrical
activity in the brain continually and anticipate seizures up to a few minutes in advance. For
those who have epilepsy, this discovery may significantly enhance their quality of life by
enabling them to adopt preventive actions. Responsive neurostimulation (RNS) is one of the
most promising uses of brain chips for epilepsy. It consists of an implanted chip that
continuously scans the brain for abnormal seizure-related activity and stimulates the brain
electrically when it is found. By stopping the aberrant activity, the stimulation stops seizures
before they start. The RNS System is a prime example of this kind of equipment in operation;
it has already been approved for clinical usage. Advancement of Brain chips in the future may
become more adaptive through time, adjusting their reaction through machine learning to avoid
seizures without unintended side effects. Closed-Loop Brain Electrical Systems These systems,
which integrate immediate information and intervention with continuous monitoring, are the
wave of the future for treating epilepsy. Closed-loop systems are designed to stop seizures
before they start by automatically detecting seizure activity and responding with precise
electrical stimulation [129,154].

10.3.4. Additional nervous conditions

Beyond these particular ailments, a variety of neurological illnesses may be treated using
brain-chip technology through the restoration of lost functions or the modulation of aberrant
neural activity. Parkinson's Disease by activating particular brain regions, deep brain
stimulation systems have been shown to reduce the symptoms of Parkinson's disease [155].
This method could be improved by future brain-chip technologies that offer more accurate,
real-time brain circuit modulation, enhancing motor control and lowering symptoms including
bradykinesia, tremors, and stiffness. Alzheimer's Disease by reversing the loss of neuronal
transmission or activating memory-related neural pathways, brain chips may be utilized to
improve memory function in Alzheimer's patients. Memory prostheses, which replicate the
brain's natural memory-encoding mechanisms, may someday aid individuals suffering from
memory problems, according to some preliminary research [59,156].

11. TECHNOLOGICAL AND ETHICAL CONSIDERATIONS

Many technological and ethical issues are brought up by the growing integration of artificial
devices with human functioning, especially in fields like brain-chip technology. These worries
cover a wide range of topics, including moral quandaries, societal ramifications, safety, and
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privacy. An outline of the main issues surrounding the use of artificial devices in human
performance is provided below:

11.1. Biocompatibility and safety

Adverse reactions when artificial devices are incorporated into the human body, there may
be unfavorable biological reactions that include immune system reactions, inflammation, and
infections. While long-term biocompatibility is important, many devices can cause long-term
inflammatory reactions or scarring that interferes with their ability to function. Device Failure
It's critical that synthetic devices are dependable. Significant health concerns might result from
malfunctions or failures, especially in crucial applications like brain-machine interfaces.
Thorough testing and monitoring are required because of the possibility of issues associated to
the device [157].

11.2. Data security and privacy

Data Gathering Numerous private and sensitive pieces of information about a person's
thoughts, feelings, and actions are frequently collected by brain tortilla chips and other artificial
devices. Concerns about the storage, usage, and accessibility of this data present grave privacy
issues. Cybersecurity Risks The possibility of hackers or unauthorized use rises as these
devices are more linked. A breach might put consumers' personal information at risk or even
give bad actors access to influence gadgets [158].

11.3. Informed consent

Technological Complexity Because brain-chip technology is so complicated; it may be
challenging for people to completely comprehend the ramifications of using it. Transparent
communication of the advantages, disadvantages, and restrictions of technology is necessary
to guarantee that patients give their informed consent. Vulnerable populations obtaining
informed permission may be difficult for members of some populations, such as those with
severe neurological problems or cognitive disabilities. This brings up moral concerns regarding
autonomy and the freedom to choose how one wants to be treated and what goes on in one's
own body [11,45].

11.4. Social and psychological impact

The introduction of artificial devices into human behavior can provide challenges to
concepts of identity and self, particularly in relation to Social and psychological Impact and
Identity and Autonomy. As people use these technologies increasingly, concerns about one's
own autonomy and the degree to which one's thoughts and behaviors are impacted by outside
technology come up. Stigmatization People who use artificial intelligence (Al) technology,
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such as brain chips, may experience prejudice or societal stigma [159]. This might lead to
societal inequality by dividing people into those who employ enhancement technology and
those who do not.

11.5. Cognitive enhancement

Ethical Use and Enhancement There are ethical concerns regarding possibilities for brain-
chip innovation to improve cognitive capacities. The division of people into "enhanced" and
"non-enhanced™ categories may result from some people having possession of advanced
thinking abilities while others do not. This could worsen already-existing disparities. Purpose
and Argument The moral ramifications of utilizing technology for enhancement as opposed to
therapy are a topic of continuous discussion. It can be difficult to distinguish between
improving normal functioning and treating a condition, which raises questions regarding the
intentions driving such therapies [121,160].

11.6. Long-term repercussions

Technological Dependency Growing dependence on artificial gadgets raises the possibility
of developing dependencies that could compromise innate abilities or functions. It is important
to carefully assess the long-term effects of this reliance, especially with regard to cognitive and
motor abilities. Impact on Human Perception The incorporation of artificial intelligence
devices has the potential to modify essential facets of human experience, such as perception,
memory, and affective reactions. Judging the suitableness of such technology requires an
understanding of the broader consequences of these advances [28].

11.7. Ethical and regulatory frameworks

Inadequate Regulation The swift progression of technology frequently surpasses the current
legal structures, resulting in deficiencies in supervision and responsibility. For optimal safety
and ethical use, it is imperative to establish clear standards and regulations controlling the
creation, testing, and implementation of brain-chip technologies. Ethical Boards and Review
Boards It is essential that ethical review boards be included in the creation and application of
synthetic devices. These committees can assist in resolving difficult moral conundrums and
guaranteeing the protection of both societal and private interests [121].

12. CONCLUSION

Developments in brain chip technology, particularly in the area of brain-computer
interfaces (BCIs), have created enormous opportunities for improving human function as well
as medical applications. The form and functionality of these brain-like chips are modeled after
neurons, enabling smooth communication between the brain and external devices. Significant
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advancements in healthcare have been made possible by this technology, especially for those
suffering from neurological conditions including epilepsy, paralysis, and Parkinson's disease.
Neuromorphic chips, deep brain stimulation (DBS), and responsive neurostimulation (RNS)
are examples of inventions that help people with cognitive impairments or motor impairments
restore functions, improve quality of life, and even increase their cognitive ability.

One of the main developments in brain chip technology is the improved accuracy with
which neural impulses may be recorded. This capability enables more precise control over
prosthetic devices or the restoration of sensory functioning. The use of these chips has also
been transformed by wireless interfaces, which improve safety and lessen the need for intrusive
procedures. Additionally, the precision of brain signal decoding has increased significantly
with Al and machine learning integration, enabling real-time communication between humans
and machines. Even with these noteworthy developments, brain chip technology still has a
number of obstacles to overcome. Long-term biocompatibility is still a big problem since
implants can break down or trigger unfavorable immune reactions. Prioritizing the resolution
of data privacy issues, creating low-power devices to prevent heat accumulation in the brain,
and guaranteeing signal stability over an extended period are other critical issues that must be
addressed before widespread adoption can occur. The use of brain chips presents important
ethical and social issues. Consideration must be given carefully to issues of privacy, data
security, cognitive enhancement, and autonomy. Social divisions may be made worse by the
possibility of cognitive inequality, in which only those who can afford these improvements
acquire "superhuman™ capacities. Brain chip technology must be developed and regulated
responsibly to avoid abuse and guarantee fair access for medical needs. In the future, brain chip
technology has the potential to completely transform not only the way neurological diseases
are treated but also how people communicate with computers and absorb information. With
additional advancements in biocompatibility, ethical control, and signal accuracy, this
developing field has enormous potential going forward
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