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Abstract. Implantable microelectrodes represent a crucial advancement in Brain-Computer
Interfaces (BCls), enabling a wide array of applications across neuroscience and clinical domains.
This paper presents a comprehensive overview of implantable microelectrodes, and three kinds
of microelectrode arrays are explained in detail. The paper also deals with the integration of
microelectrodes with BCI, with an emphasis on critical areas such as neuromodulation, including
deep brain stimulation and neural feedback control, motor recovery, and three varieties of clinical
applications in people with Parkinson's disease, epilepsy and amputees. Additionally, this work
delves into the advanced hardware enhancing application of Implantable microelectrodes. This
includes the development of microelectrode arrays, closed-loop systems, and the latest materials
and microfabrication techniques. Despite the challenges in data processing, managing immune
responses, and optimizing electrode-tissue interfaces, implantable micro-electrodes offer
tremendous potential for advances in neuroscience, medicine, and rehabilitation engineering,
paving the way for enhanced understanding and treatment of neurological disorders.
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1. Introduction

In recent years, brain-computer interfaces (BCls) have garnered global attention as a method of
establishing direct communication between the human brain and external devices[1]. Among them, BCIs
have played a promoting role in human research on brain neuromodulation. At the same time, it also
makes critical contributions in helping or treating cases of paralysis, neurodegeneration and other
diseases. A key technology in BCIs is implantable microelectrodes, which are miniature electronic
devices that can be inserted into the human body, particularly the brain, to record or stimulate neural
activity. These devices are utilized in areas such as brain-computer interfaces and therapeutic
intervention. As technology evolves, significant advances have been made in the design and fabrication
of implantable microelectrodes, improving performance, biocompatibility, and durability. These
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microelectrodes typically consist of arrays of thin-film electrodes that can be implanted into specific
brain regions to enable precise targeting of neural circuits. Implantable microelectrodes have broad
application prospects in neuroengineering research and clinical applications. They can help stimulate
the brain and record the electrical activity of neurons in the brain, revealing patterns of brain network
activity and mechanisms of neural regulation. These recorded neural signals are decoded and processed
to determine the user's intentions, which are then converted into signals for controlling external devices,
such as prosthetics. This technology could assist disabled and paralyzed patients in basic rehabilitation
training [2].

2. Implantable Microelectrodes

Implantable Microelectrodes are tiny electronic devices that can be inserted into the body, particularly
the brain, to record or stimulate neural activity for applications such as BCIs and therapeutic
interventions.

Figure 1. A. the feature of microwire electrodes array; B. the illustration of tetrode in neuraltissue; C.
Utah array [3].
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Figure 2. The mentioned types of neural electrode interfaces.

Here Figure 1 and 2 lists three commonly used microelectrodes in BCIs: Microwire electrodes, Utah
arrays and Michigan probes. Microwire electrodes are single-channel or multi-channel microelectrodes
made of fine metal wires, usually platinum or tungsten. These electrodes are suitable for recording the
electrical activity of single or multiple neurons [4]. Utah arrays are high-density electrode arrays
consisting of many microelectrodes. These arrays have high spatial resolution, can record the activity of
multiple neurons simultaneously, and are widely used in brain-computer interface research and clinical
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applications. The number of neurons present in the recording significantly influences task performance,
with an increase in neuron numbers reducing their sensitivity to stimulation [5]. Michigan probes are
silicon-based micro-electrodes typically composed of multiple tiny electrodes that can record neural
activity with micron-level resolution. Michigan probes have excellent spatial resolution and can be used
to study the connections between neurons and the activity of neural networks. These probes are in high
demand, in part because they can be designed with multiple precisely located sites to achieve
measurements that are not possible by other means [6].

3. Application in Neuroregulation

3.1. Deep Brain Stimulation (DBS)

Deep brain stimulation therapy involves using stereotactic technology to accurately locate and implant
electrodes in specific brain areas, delivering continuous stimulation pulses to targeted deep brain tissues
to achieve therapeutic effects. For patients with severe and chronic refractory depression, deep brain
stimulation can significantly and sustainably improve symptoms. Although deep brain stimulation is
generally considered to have a low risk, it, like any surgical procedure, carries potential risks of
complications. Similarly, brain stimulation itself can also produce side effects. Deep brain stimulation
does not cure the disease [7], but it can help reduce symptoms, and in some cases, some conditions may
still require medication [8].

3.2. Neural Feedback Control

The specific practice of neurofeedback training involves measuring the brain nerve activity related to a
specific function. The measurement results are fed back to the trainee in real time through visual,
auditory, or tactile means, often using a reward mechanism [9]. This feedback helps the trainee learn to
autonomously adjust and improve the target brain nerve activity. Improving targeted brain activity can
lead to the repair or enhancement of corresponding brain functions. Similar to how physical exercise
builds muscle for health, neurofeedback training strengthens and optimizes brain function [10].

3.3. Neural Recording and Stimulation

Nerve stimulation involves the application of electrodes directly or indirectly placed in the field of nerve
tissue innervation, or around the nerve root, the dorsal horn of the spinal cord. The device used to deliver
these stimulation impulses is called a nerve stimulator. Its purpose is to improve the pathological state
of patients, clinical symptoms, and even to achieve therapeutic effects [11]. On the basis of neural
regulation, this biomedical engineering technology came into being, the concept utilizes implantable or
non-implantable technology, the use of electrical stimulation or drug means, to change the activity of
the central nervous system, peripheral nervous system or autonomic nervous system. The objective is to
alleviate symptoms and enhance patients' quality of life.

4. Application in Medicine

Implantable microelectrodes are utilized in the motor recovery of brain-computer interfaces. Motor
recovery involves employing various methods and techniques to restore motor function in patients with
impaired mobility. In terms of upper limb control, technologies such as exoskeleton control and fine
finger control are commonly used [12,13]. In terms of lower limb motor recovery, the more critical
technologies include gait reconstruction and standing control. Gait reconstruction aims to use
technologies such as exoskeletons and neuromuscular stimulation systems to help paralyzed patients
regain their ability to walk. Standing control focuses on supporting the balance and stability of patients
in a standing position through external support devices and neural control technology. At the same time,
real-time motion control and feedback systems are integral to the rehabilitation process for paralyzed
patients. Real-time motion control can adjust the movement of external devices in real time according
to the patient's movement intentions and neural signals, providing more accurate and natural motion
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control. The feedback system can provide patients with perception and feedback of the movement
process, helping them to better adjust their balance.

Implantable microelectrodes provide solutions for the treatment and rehabilitation of a variety of
diseases and conditions in clinical applications. The following are three notable clinical applications of
implantable microelectrodes.

1) Parkinson's Disease: DBS mentioned in Part 3 is widely used to relieve symptoms and improve
quality of life. Compared with simple drug treatment, DBS can produce long-term therapeutic effects
on patients by optimizing electrode placement and surgical strategies [14,15].

2) Epilepsy: Implantable microelectrodes can provide another adjunctive treatment option for
patients with partial epilepsy. It can help reduce the frequency of epileptic seizures and regulate and
control epileptic seizures through responsive cortical stimulation [16].

3) Amputees: In terms of prosthetic control, implantable electrodes can provide more precise and
reliable control than surface electrodes [17].

5. Advanced Hardware Enhancing Application of BClIs

5.1. Integration of Sensing and Actuation

The integration of sensing and actuation functionalities within a single chip contribute to closed loop
system and wireless wearable technology. To begin with, Figure 3 closed-loop systems enhance the
precision of neural interfaces by providing real-time neural feedback to increase co-adaptive capabilities
of BCls. This adaptation is crucial for optimizing therapeutic outcomes in applications such as motor
rehabilitation and diagnosis and control of pathological brain activity. Moreover, wireless wearable
technology benefits from this integration by enabling timely interaction between the implantable device
and external systems, allowing for continuous monitoring neural signals and provide adaptive
interventions over extended periods [18,19]. This integration allows users to move more freely and better
manage conditions such as epilepsy or Parkinson’s disease, facilitating the transition of therapeutic
technologies from controlled laboratory settings to real-life applications for patients.
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Figure 3. Closed-loop deep brain and cortical stimulation systems.
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Figure 4. Schematic diagram of a flexible neural electrode.
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5.2. Advanced Microfabrication Methods

The development of advanced fabrication techniques results in high-density electrode arrays that offer
improved spatial resolution, crucial for detailed and accurate neural activity mapping. Figure 4 illustrates
the general principle of a flexible neural electrode. Not only that, advanced lithography techniques and
processes such as electron beam lithography are used to create complex patterns on a flexible substrate
for the manufacture of flexible neural implants [20]. These implants often feature thin, flexible substrates
that can wrap around or conform to the brain's surface, minimizing mechanical stress and improving
integration with the tissue. What’s more, smaller devices consume less power, which produces less heat,
so in turn reduces tissue damage. Energy-efficient designs also help in prolonging the operational life
of the implants without frequent recharges or replacements. Techniques such as electron-beam
lithography and deep ultraviolet (DUV) lithography allow for the fabrication of features down to a few
nanometers, thus enhancing the specificity of neural recordings. Nanoimprinting, on the other hand,
complements lithography by providing a cost-effective and scalable approach to replicate nanoscale
patterns over large areas. Furthermore, smaller devices are generally more biocompatible and reduce
tissue damage, which helps in maintaining performance of the microelectrode and reducing chronic
immune response. The miniaturization technology makes the implantable microelectrode have better
performance, Better Biocompatibility, and makes it possible to produce High-density electrode arrays.

5.3. High-Density Electrode Array

The High-Density Electrode Array can make more accurate, multi-region measurement, improve the
SNR, to obtain a higher resolution signal. which is very important for the ability to accurately sense and
actuate to neural activity [21]. First, the proximity of electrodes to neural tissue reduces the distance
over which signals must travel, thereby improving the SNR. Higher SNR making it easier to distinguish
between signals from nearby neurons or different brain regions. Furthermore, high-density arrays
capture subtle differences in neural activity patterns. This precision is vital for applications requiring
accurate targeting of specific brain areas, such as decoding motor intentions for prosthetic control. The
ability to processing signals precisely enhances the functionality of neuroprosthetic devices and improve
patient experience. Moreover, high-density electrode arrays enable researchers to record signals
simultaneously from multiple brain regions. This capability allows for a comprehensive capture of
neural dynamics across the brain, helping researchers study how brain signals integrated and how
complex cognitive processes occur. By achieving higher electrode density, these arrays can capture
precise representation of neural signals, paving the way for more effective brain-computer interface
applications and advancing our understanding of complex neural networks.

6. Technological challenges and outlook

Future challenges including ensuring the long-term stability of implanted microelectrodes while
maintaining high-quality signal recording. The implantation of foreign materials can trigger
inflammatory reactions, leading to scar tissue formation around electrodes and degradation of signal
quality. Changes in electrode performance can lead to diminished reducing effectiveness of BCIs for
users, impacting their ability to control devices or receive feedback. Thus, research is focused on
developing biocompatible materials that minimize immune response and maintain the long-term
functionality of implanted devices. Usually, implanted microelectrodes only stay in the body for 1-2
years [22]. Because implantation of foreign materials can trigger inflammatory reactions, leading to scar
tissue formation around electrodes and degradation of signal quality. Today's implanted microelectrodes,
with better biocompatibility, can stay in the body for five years or more. But they have their limitations
[23]. Such as the limited spatial coverage of the Utah Array means that it can only capture neural signals
from a confined area of the brain. What’s more, flexible neural implants often suffer from lower
electrode density and increased susceptibility to absorption compared to their rigid counterparts. For
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future advancements, it remains crucial to develop chronic implantable neural interface systems, that
offer high spatio-temporal resolution and provide extensive brain coverage.

7. Conclusion

Implantable microelectrodes represent a transformative advancement in brain-computer interfaces
(BCls), offering substantial benefits for neuroregulation, motor recovery, and clinical applications. The
integration of sensing and actuation, along with advancements in wireless communication and
biocompatible materials, enhances the functionality and versatility of these systems. Despite significant
progress, challenges remain in data processing, immune response management, and long-term stability.
Future developments must focus on addressing these challenges through innovative electrode designs
and improved materials to maximize the potential of implantable microelectrodes in both research and
clinical settings, ultimately advancing patient care and neurotechnological applications.
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