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ABSTRACT KEYWORDS
Neuromodulation is a multi-interdisciplinary field of neuroscience, neural Neuromodulation; periph-
engineering, and medicine in a complex, but a way of understanding. eral nerve; electrical

stimulation; optogenetics;
bioelectronic medicine;
bionic limb

Recently, the interest and researches in this field have been attracted due
to its promising applications such as bionic limbs and bioelectronic medi-
cine. For easier entry into this field, in this review, we approach the basic
mechanism, methods, and applications of peripheral neuromodulation
sequentially. Firstly, the overall structure and functions of the human ner-
vous system are introduced, especially in the peripheral nervous system
(PNS). Specifically, the fundamental neurophysiology regarding action
potentials and neural signals is introduced to understand the communica-
tion between the neurons. Thereafter, two main methods for peripheral
neuromodulation, which are electrical and optogenetic approaches, are
introduced with the principles of the state-of-art devices. Finally, advanced
applications of neuromodulation combined with the sensor, stimulator,
and controller, called a closed-loop system are introduced with an example
of bionic limbs.

1. Introduction
1.1. The human nervous system

The human body is composed of various organ systems and organically related to each other.
Among them, the nervous system takes the role of connecting organs to communicate with each
other. The nervous system is largely divided into the central nervous system (CNS) and the per-
ipheral nervous system (PNS). The CNS includes the brain and spinal cord, and the PNS consists
of nerves derived from the brain and spinal cord."!

The nerves of the PNS extend throughout the body like branches of a tree and are distributed
in various tissues. By using the network, they exchange all information necessary for sensory,
motor, and unconscious functions with the CNS. Nowadays, state-of-art researches on the CNS
unveils the secrets of the nervous system and its function, showing promising future possibilities.
For the PNS, the surgical risk is relatively lower and the accessibility of engineering intervention
is higher than the CNS. So, it has the advantage of being able to proceed more easily with various
engineering approaches to modulate bodily functions. In addition, the number and the density of
the neuron are lower than that of the brain and having unique structures like a cable or a net,
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Nomenclature

PNS Peripheral nervous system SHP Self-healing polymer
CNS Central nervous system CNT Carbon nanotube
ANS Autonomic nervous system nXIIts 12th cranial nerve nuclei
SNS Somatic nervous system TENGs  Triboelectric nanogenerators
Ach Acetylcholine ChR2 Channelrhodopsin-2
LIFE Longitudinal intra-fascicular electrodes LED Light-emitting diode
TIME Transverse intra-fascicular multichan- RVNx Right vagotomy

nel electrode ULED MicroLED
A-SEE Adaptive self-healing elec-

tronic epineurium

which allows to easily access for modulating neurons. Also, the correlation and connection
between the function of each neuron and each organ are clearer than the brain, which makes us
easier to modulate the functions.

1.2. Classification of the peripheral nervous system

The PNS is divided into the autonomic nervous system (ANS) that handles involuntary move-
ments (heart rate, breathing, digestion, etc.) and the somatic nervous system (SNS) that controls
voluntary responses (muscle contraction, etc.). The autonomic nervous system is again divided
into the sympathetic nervous system and the parasympathetic nervous system (and the enteric
nervous system). Since the ANS regulates the functions of organs such as the small intestine, the
large intestine, and the heart, it is being targeted for the treatment of various diseases by implant-
ing bioelectronics into the relevant nerves (e.g., vagus nerve!>™*). The SNS is classified into the
sensory nervous system responsible for afferent signals and the motor nervous system responsible
for efferent signals. In the case of the somatic nervous system, because it controls muscles for the
movements of arms and legs, many researchers are targeting those nerves to improve the function
of the bionic limbs,'”"”! as well as for therapeutic purposes such as muscle rehabilitation.'®*!

1.3. Structure of nerve

The main structure of the PNS is a nerve that has an enclosed structure like a cable bundle in
which neurons are gathered, playing the role of the passage for the electrochemical signals. As
shown in Figure 1(a), a neuron consists of a cell body with the nucleus, a dendrite that receives
nerve signals, generating an action potential when the signals exceed the threshold, and an axon
that transmits the generated signals to an axon terminal to transfer the signal to another neuron.
In some cases, this axon is covered with a myelin sheath, making the speed transmission is sig-
nificantly faster compared to the unmyelinated neurons, which are covered with connective tissue
called the endoneurium. In addition, the axon terminal forms a synapse with adjacent neurons,
in which the electrical signal transmitted through the axon is converted into a chemical signal by
releasing a molecule called a neurotransmitter that is a chemical messenger inhibiting or activat-
ing the neuron by influencing the receptor on the targeted neuron or organ. The aggregate of
these nerve fibers is called a fascicle, and this fascicle is surrounded by connective tissue called
the perineurium. Inside the fascicle, afferent fibers that send afferent (sensory) signals to the CNS
and efferent fibers that send efferent (motor) signals from the CNS could be both located in a
fascicle or a nerve which is called a mixed nerve fiber. The group of fascicles is called a nerve.
A nerve is surrounded by epineurium, and it also consists of blood vessels that provide nutrients
for the whole structure. (Figure 1(p)).1
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Figure 1. Overall view of anatomy and principles of the nervous system. (a) The structure of a general single neuron. (b)
Schematic of the peripheral nervous system and anatomy of a single mixed nerve which both contains efferent and afferent neu-
rons. Orange colored arrow indicates an efferent signal that comes from the CNS and green arrow indicates an afferent signal
that goes to the CNS. (c) Schematic of the ion concentration gradient due to the ion channels at neuron membrane. (d) Graph of
the action potential from a giant squid axon.

When a single neuron is zoomed, it can be seen that the cell membrane is formed of a lipid-
bilayer like other cells inside the body. Various proteins are distributed in this membrane.
Among them, proteins such as voltage-gated Na™ channels and voltage-gated K channels have
an important role in the formation of action potentials, which will be discussed next section.
(Figure 1(c)). Neurons in PNS have relatively long axons and have different morphological char-
acteristics depending on the role of neurons. They are classified according to the presence or
absence of a myelin sheath as discussed above, and also according to the diameter of the axon,
which differs from the conduction velocity of axons. Depending on these characteristics, the type
of information transmitted by each axon also varies. For example, the A fiber which has the high-
est speed of transmission due to its large diameter and myelin sheath, and it serves as a channel
for signals related to proprioception. In the case of C fiber that has low conduction velocity and
relatively small diameter in absence of myelin sheath, it serves as a path for sensory
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information.!"!! Therefore, selective stimulation for targeting specific fibers should be required to
realize natural sensory feedback in bionic limb applications.!?!

1.4. Nerve signal transduction mechanism

Previously, it was explained that the neuron plays the role in the passage of electrochemical
signals. After receiving information from the surrounding nerves, the neuron combines the infor-
mation and decides what to transmit to the next nerve (or target organ) through its decision-
making. To transmit the determined information, the neuron generates an action potential, which
is an electrochemical signal, by itself, and this action potential goes to the nerve ending and is
responsible for transmitting the information to the next nerve (or target organ). Since the pur-
pose of neuromodulation is to modulate the information exchanged between neurons, it requires
an overall understanding of the process of generating and transmitting the action potential, which
is the subject of this information.

The most important role in generating action potentials inside neurons is the membrane per-
meability of membrane proteins such as ion channels and sodium-potassium pumps. The mem-
brane permeability causes the concentration gradients of ions across the membrane between the
inside of the cell (cytoplasm) and the outside of the cell, creating a membrane potential. In gen-
eral, only the potential difference caused by Na™ and K, which has the most influence on this,
are considered. The voltage across the membrane in the absence of any stimulus is called the rest-
ing potential which has a value of about —70 mV.[**~'°]

Neurons are activated by an external stimulus above the threshold or by commands from the
brain or the spinal cord. And when activated, voltage-gated Na™ channels located at the mem-
brane are opened. In the case of Na*, since the concentration outside the cell is higher than that
inside the cell, the Na* ions rush into the cell as soon as the channel is opened, reducing the
voltage polarity between inside and outside the cell. This process is called depolarization. When
the depolarization process is finished, the voltage-gated Na™ channel is closed again and the volt-
age-gated K" channel is opened. In the case of K, since the concentration inside the cell is
higher than the concentration outside the cell, K" ions are released to the outside of the cell as
soon as the channel is opened, and the potential within the cell gradually becomes relatively nega-
tive (repolarization), and later, a potential value lower than the resting membrane potential is
obtained (hyperpolarization). After that, when the membrane potassium permeability returns to
the resting state value, the membrane potential returns to the resting membrane potential value
(Figure 1(d)). Due to the initial diffusion of Na™, the voltage-gated Na* channel located next to
it is also opened and the above process is repeated. Through this process, the action potential
propagates along the entire axon, and at the end of the neuron (axon terminal), the specific type
and amount of neurotransmitter are released based on the information of action potential.'®'”]

In the ANS, sensory information obtained from organs (pain, bladder distension, etc.) is sent
to the brain using this action potential, and based on this information, action potentials are
exchanged between neurons in the brain, and after the inside process, the final decision is made.
Then, this decides the form of an action potential and sends it back to the organ or hormone sys-
tem to modulate the organs (some signals return via the spinal cord). In the SNS, muscle cells
and axon terminals (end of the neuron) are connected (neuromuscular junction). When an action
potential arrives at the neuron terminal, acetylcholine (ACh), a neurotransmitter, is released, and
ACh consequently activates muscle fibers through an internal process that causes muscle contrac-
tion.!"®! If the action potential (information) is not properly generated or transmitted, incorrect
information is sent to the function of a part of the body, which can lead to a malfunction of the
organ and, in severe cases, cause disease.!'* !
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1.5. Necessity of peripheral nerve modulation

Peripheral neuromodulation artificially modulates the activation of peripheral nerves connected to
various tissues. Using this technique, if it is able to send messages (signals) to organs (or tissues)
on behalf of the brain, or conversely, if it is possible to send a desired message to the brain
through peripheral nerves, it will bring great benefits from a medical and prosthetic perspec-
tive.””! For example, let’s make a case that a patient suffering from neurogenic bladder dysfunc-
tion due to a sensory nervous system problem does not know whether the bladder is inflated or
not (does not know when to urinate).'**! If the relevant peripheral nerves can be artificially acti-
vated based on the data from any sensors detecting the degree of bladder expansion, it can be
sent sensory signals of the bladder to the brain to determine the appropriate time to urinate by
the patient himself. In another case, if the motor nervous system has a problem, the patient is
unavailable to urinate by himself due to the lack of control of bladder-related muscles.**! In this
case, by giving the efferent signal to the motor nerves of the bladder, urination could
be achieved.

For advanced prostheses, achieving the embodiment is one of the key elements. It means that
one feels bionic limbs like one’s own body parts by communicating with the user by sending sen-
sory signals based on external information and reflecting the motor signals with the natural limb
movement. This is one of the current challenges toward advanced bionic limbs.*®! An embodi-
ment arises from the failure of the prosthesis to transmit sensation like a normal limb. Therefore,
based on the various signals obtained from the prosthesis, if the C fiber, which is a sensory nerve,
is stimulated to give sensory feedback, and information about proprioception is given to the
wearer by stimulating the A fiber, the patient will feel that the prothesis is as a part of his body.

Various methods of artificially activating nerves have been studied, and examples are methods
using electric, magnetic, optogenetic, and ultrasound, and each method is under active
research.”””>") Each method has its advantages and disadvantages and is used selectively (or in
combination) depending on the purpose and situation. In this review paper, the method using
electric and optogenetic will be examined.

2. Methods for neuromodulation
2.1. Electrical neuromodulation

2.1.1. Electrical stimulation

Thanks to the experiment of L. Galvani, we now know that the nerve can be activated artificially
using electricity.*"! Activation using electricity does not generate the action potential in the same
way as the normal way, such as opening the mechanosensitive channel. It creates an action poten-
tial by activating the voltage-gated ion channels by artificially creating a potential difference inside
and outside the cell by applying an external current directly into the axon.

Let’s look deeper at the simple principle with an example of activating a single axon using a
monopolar electrode and cathodic current (Figure 2(a)). When a cathodic current is emitted
from a single electrode adjacent to the axon, the electrical potential outside the cell in the area
adjacent to the electrode becomes negative, and thereby the inside of the cell in the adjacent area
becomes relatively positive. By these phenomena, if the membrane potential becomes sufficient to
exceed the threshold of the axon, the pores of the voltage-gated sodium channel open, and a ser-
ies of processes for generating a general action potential is carried out.*?!

The above descriptions were about a single axon. However, in general, rather than stimulating
a single axon, nerve or fascicle units are stimulated. As explained in the previous section, several
fascicles are included in the nerve, and numerous axons are included in the fascicle. Axons have
different morphological characteristics, and these morphological differences lead to electrophysio-
logical differences that vary for each axon.****! Therefore, when a nerve is stimulated, depending
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on the amount of current used, some axons are activated and some axons are not. Due to this
characteristic of nerve stimulation using electricity, when a weak current is sent, only a part of
the axon belonging to the nerve is activated. However, it should be kept in mind that if the
strength of the current is increased too much, it may cause nerve damage and electrode damage.
For more information on this phenomenon, refer to the Shannon model of neuronal damage.”’

2.1.2. Electrode configuration and selectivity

The method of stimulation can be diversified through the number of electrodes used for stimula-
tion. First, the method that uses a single electrode as described above is called monopolar config-
uration and the method that uses double electrodes is called bipolar configuration. In the case of
monopolar stimulation, because the current spread out from the power source in all directions
due to the absence of a returning electrode, it can affect not only the targeted tissue but also the
surface of the electrode. This problem can be alleviated by increasing the number of electrodes
used for the stimulation. In the case of the bipolar configuration using two electrodes, the current
spread is lesser than the monopolar configuration method because the current returns to the
other electrode. In addition, it is also possible to more precisely control the flow of current by
using an additional electrode, such as in a tripolar configuration.>**”]

The method can be divided not only by the number of poles but also by the position of the
electrodes, and it is largely divided into a non-invasive method and an invasive method
(Figure 2(b)). In a non-invasive method, the electrode is located outside the epineurium, which is
the outermost layer of the nerve. This method has the advantage of causing relatively less physical
damage to the nerve, but the selectiveness is lowered because a relatively wide range of fascicles
is stimulated. The most common non-invasive electrode is the cuff electrode which fully covers
the external circle of the nerve. The soft polymer is used for the substrate of the electrode, and
thin metal film or metal wire is located on the inside of the substrate to contact the nerve. Due
to the advantage of wrapping the nerve in a circle with a substrate (insulating layer) that also
covers two side contacts, it shows effective suppression of noise.”**!

Contrary to the non-invasive method, the invasive method inflicts a lot of physical damage on
the nerve because the electrode penetrates inside, but has higher selectiveness due to the advan-
tage of the electrode being located close to the axon. Invasive electrodes are roughly classified
into three main types, intra-fascicular, penetrating (not present in the figure), and regenerative
electrodes. The most widely known intra-neural electrodes are longitudinal intra-fascicular elec-
trodes (LIFE) and transverse intra-fascicular multichannel electrodes (TIME). Both LIFE and
TIME are a flexible electrode that has several exposed (uninsulated) electrode sites. In the case of
LIFE, the electrode is inserted into the nerve with a needle and pulled out of the nerve, and
locates the exposed electrode sites in the middle of the nerve that makes the electrodes directly in
contact with the fascicle or axon.**! TIME, compared to the LIFE, is transversally inserted and
pulled out of the nerve. This makes the electrodes address the fascicles and axons directly over
the cross-view of the nerve."”) The regenerative electrode is mainly used for nerve regeneration.
Connecting the cut planes of the nerve with the electrode, the axons regenerate through the pores
that have a metal contact layer, which makes higher selectivity compared with other types of elec-
trodes.!*!) Since the electrode at the invasive method is adjacent to the axon, it is possible to
exceed the threshold value of the axon even using less current and has higher spatial selectiveness
than the non-invasive method.!*>**!

This point is also closely related to long-term implantation. For instance, the invasive method
has the advantage that it requires less energy to stimulate nerves increasing a battery lifetime, but
higher invasiveness leads to more foreign body reactions caused by the immune response. Even
though it is a non-invasive method, it does not mean that it does not damage nerves. The nerve
tissue modulus is about 100 KPa, which is like a stretched rubber band. If the young’s modulus of
the electrode is higher than this value, a mechanical mismatch with the nerve occurs, and the
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immune response of the nerve is activated to form scar tissue.l**! The generated scar tissue is not
good for the nerve itself, but also increases the distance between the nerve and the electrode,
reducing the contact area. This also reduces the performance of the electrode and has a fatal
effect on long-term implantation. Recently, adaptive self-healing electronic epineurium (A-SEE),
which self-adapts to the modulus of nerve tissue using self-healing polymer (SHP) to reduce
mechanical mismatch and improve electrode performance, has successfully achieved a neural
recording and stimulation in a rat sciatic nerve for 14weeks have also been reported
(Figure 2(c)).1**! In the case of the invasive method, a study of an electrode that is made with
flexible, thin carbon nanotube (CNT) yarn using tungsten microneedle has successfully implanted
into the vagus nerve of a rat for 16 weeks to maintain good performance even for a long-term
implant was reported (Figure 2(d)).!*®) As with these studies, various studies on changing design
and material properties are still actively conducted.

Problems do not occur only after electrode implantation. Due to the small diameter of the nerve
(rat sciatic nerve diameter: 0.8-1.0 mm), difficulties arise during the electrode implantation process.
To overcome this point and make implantation quick and convenient, various designs of electrodes
have been studied.!*”**) Among them, as an example, implantation into rat pelvic nerves (diameter:
250-300 pm) and wireless stimulation was conducted by simply clipping the nerve using “neural clip
electrode” (Figure 2(e)).1*! Also, by using a “nano clip electrode,” researchers successfully implanted
the electrode into the tracheosyringeal part of the 12" cranial nerve nuclei (nXIIts) (diameter:
150-200 pim) of the zebra finch using 3D printing (Figure 2(f)).”*

An ideal electrode should have high selectiveness while minimizing damage to nerves (right
bottom of the graph). To fabricate an electrode that satisfies such conditions, a study of a split-
ring electrode that increased selectivity by only activating the electrodes that are near to the tar-
geted fascicle, has also been reported (Figure 2(g)).>"

There are two main reasons for increasing selectiveness (it may be collectively referred to as one).
There are several fascicles and numerous axons in the nerve, each performing different functions.
Therefore, to obtain the desired response through nerve stimulation, only the fascicle (or axon) that
causes or is related to the response should be stimulated. If an unrelated axon is activated, unex-
pected results may be obtained, and depending on the role of the activated axon, it may cause fatal
side effects (pain induction, unwanted organ activation). However, due to the nature of the electrical
stimulation, the current path crosses the nerve, and all axons that satisfy the threshold value on or
around the path can be activated. As such, it is difficult to achieve complete selective stimulation
because electrical stimulation also affects the axons located around the targeting axon. For these rea-
sons, to modulate only a specific axon (or group of axons) which is difficult to achieve with electrical
stimulation, a method using optogenetics is suggested depending on the purpose.

2.1.3. Electrical energy source
There are two methods of electrical stimulation using a “voltage source” and a “current
source.”'*>**) The above examples and explanations consist of contents using a current source.
The reason is that the impedance between the nerve and the electrode varies depending on the
state of the body and the nerve. Due to this, it is difficult to accurately control the amount of
charge applied when using a voltage source. However, when using a current source, it is possible
to precisely control the amount of charge applied regardless of the value of the impedance.
However, in the case of medical equipment, there are many cases where a “voltage source” is
used. The reason is that, in the case of voltage, the circuit can be implemented simply because it
can use the energy directly from the battery. However, in the case of current, to change the form
of the energy from the battery, a more complex circuit is required. So, research on a voltage
source that can be manufactured relatively easily was actively conducted in the early days.

In the case of a monopolar phase current that is not in charge balance, it may cause an accu-
mulation of electric charges in the tissue or a state of charge imbalance, which has the potential
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to damage nerve tissue. Therefore, to prevent harm to nerves, bipolar phase current with charge
balance is mainly used for stimulation.”®* Also, the cathodic first waveform is mainly used for
nerve stimulation. This is because, as we saw earlier, depolarization is easier when a cathodic cur-
rent source is used as both proven in the computational study and in vivo study.*>~>") Efficiency
occupies an important part in devices that are implanted in vivo. This is because, since the vol-
ume and weight of the entire device that can be inserted into the body are limited, the size of the
battery is limited too. So, even if using the same size battery, it can be used for a long time by
consuming less energy.”®®! In another direction, studies to stimulate nerves by triboelectric nano-
generators (TENGs) without using a battery are also being actively studied.”® TENG produces
electrical energy by the triboelectric effect and electrostatic induction according to the contact
between the two materials. Since the current waveform generated at this time has a charge-bal-
anced biphasic form, it is appropriate for nerve stimulation.!®¢!]

2.2. Optogenetic neuromodulation

Optogenetic neuromodulation is a technology that has a higher selectiveness than electrical neu-
romodulation.!®?! This technology modulates nerves using a photoreceptor protein called opsin,
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which can open and close ion channels in cells according to specific wavelengths of light. There
are different types of opsin that respond to specific wavelengths of light.!****! One of these
opsins, channelrhodopsin is expressed in the sodium ion channel. When the blue light is irradi-
ated, sodium ion channels are opened, allowing Na™ ions to enter the cell and induce depolariza-
tion to cause excitation (Figure 3(a)). One of the types of Channelrhodopsin, channelrhodopsin-2
(ChR2) has the maximum relative activity at a wavelength of 470 nm.[® Conversely, as opsins
that cause inhibition rather than excitation, archaerhodopsin and halorhodopsin exist. ArchT1.0
and eArch3.0 of archaerhodopsin are expressed in the proton pump and when the green light is
irradiated, the pump is activated to move the H" ions from inside to the outside of the cell,
inducing hyperpolarization, which in turn causes inhibition. For ArchT1.0 and eArch3.0, the rela-
tive activity is maximized at 566 nm wavelengths, respectively. NpHR, a type of halorhodopsin, is
expressed in the chloride ion channel and when the yellow light is irradiated, the chloride ion
channel opens, and Cl ions enter the inside of the cell and cause hyperpolarization. For NpHR,
the relative activity is maximum at 589 nm. However, in the case of these opsins, since the wave-
length range of the activated light overlaps (Figure 3(b)), there is a limitation that several types of
opsins cannot be used in target neurons. To compensate for this limitation, research is underway
on opsins whose wavelength ranges do not overlap, such as C1V1 and red-active ChR.!*”]

To apply these optogenetic technologies to neuromodulation, opsin must be expressed in the target
neurons. The most commonly known method is to attach the gene promoter to the opsin and carry it
to the target via a vector such as a virus to express it genetically (Figure 3(c)). Promoters can only
express in certain cells depending on the type, allowing them to express opsin only in the desired tar-
get neurons. There are many different types of vectors, including non-viral vectors for
safety reasons.!*®!

Light sources for expressing opsin mainly use light-emitting diode (LED) or laser.” LEDs
have the advantages of relatively low price, good power efficiency, long lifetime, low heat gener-
ation, and above all, wide light spectrum width. Therefore, if a particular option is selected,
appropriate LEDs can be found.'”) However, due to the relatively large degree of light emission,
it is not appropriate for optogenetics with high intensity or local range. On the other hand, the
laser has very high output power and low divergence, making it suitable for local optogenetics.!”"!
However, it is expensive compared to LEDs, has a narrow light spectrum width, and has a very
high output power, which can damage nerve tissue, so it is important to control carefully. In gen-
eral, LEDs are more useful in most optogenetics, laser is preferred in certain applications that
require high intensity. Recently, a method of transmitting light to a specific nerve part with a
cuff-type electrode through optic fiber, rather than simply inserting a light source, is
being studied.[”*!

Optogenetics can control ion channels at the cell level, and in the case of LED, on/off can be
controlled in microsecond units, so very precise and selective modulation at an accurate time is
possible. This has led to the mapping of the brain and peripheral nerves based on function.
However, the stability of chronic opsin application has not yet been proven, and the vector tar-
geting human should also be confirmed for stability and efficacy. In addition, in the case of a
human with a more bulky and thick tissue, a light transmission technology that can deliver an
appropriate intensity of light should be developed.

3. Application of electrical & optogenetics neuromodulation
3.1. Vagus nerve stimulation of optogenetics

Vagus nerve, one of the cranial nerves, is an important component of the parasympathetic branch
of the autonomic nervous system that controls involuntary movements of the heart, lungs,
adrenal glands, and digestive tract.”*! Therefore, vagus nerve stimulation is effective in treating
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and alleviating diseases such as heart failure, epilepsy, and depression as a bioelectronic medicine
field.”*~7®! However, since these various functions are regulated by the vagus nerve, selective
nerve stimulation to produce only the desired effect is essential. As shown in Figure 4(a), optoge-
netic stimulation and electrical stimulation were applied to the right vagus nerve to compare the
two stimulation methods.”””) The vagus nerve is a mixed nerve with efferent and afferent fibers.
Because these researchers expressed the opsin ChR2 only in efferent fibers (GFP+), optogenetic
stimulation stimulated only efferent fibers, whereas electrical stimulation stimulated not only
efferent fibers, but also afferent fibers (PGP9.5+) using hook electrodes. The right vagus nerve
controls function mainly related to the heart. Both optogenetic stimulation and electrical stimula-
tion decreased heart rate during normal right vagus nerve stimulation, but electrical stimulation
decreased heart rate only after right vagotomy (RVNx) since it also stimulated afferent fibers
transmitting the signal to the brain. In this experiment, hook electrodes, which do not have
selective stimulation capability, were used for stimulation afferent fiber, so, it cannot be con-
cluded that optogenetic stimulation is superior to electrical stimulation. However, it has been
shown that optogenetic stimulation with excellent selectivity is suitable for nerves containing fas-
cicles responsible for multiple functions, such as the vagus nerve.

3.2. Gastric optogenetics

Optogenetic technology is not limited to neurons. As shown in Figure 4(b), food intake can be
controlled by expressing opsin in smooth muscle cells of the stomach.””®) In this research, an
attempt was made to figure out how certain components of the vagus nerve contribute to behav-
ior and long-term physiological effects, and the target was to reveal the role of stomach vagal
afferent endings in feeding behavior. To achieve the goal, the researchers chose the optogenetic
method for selective stimulation and developed a wireless microLED (ULED) stimulator for long-
term experiments and freely behaving conditions of rats that can be well operated inside harsh
gastric conditions. For cell-type specificity, CalcaCre transgenic mice received a left nodose gan-
glion injection of AAV9-DIO-ChR2:tdTomato virus. By using the optoelectronic device, the



INTERNATIONAL JOURNAL OF OPTOMECHATRONICS . 193

Calca+ vagal afferent chemosensitive endings in the stomach, that is a related neuron in the role,
was selectively stimulated, and it turned out to conditioned mice to avoid the sucrose solution via
a negative balance mechanism. These results indicate that the stomach mucosal Calca+ vagal
afferent’s role in appetite suppression and the mechanism of it.

3.3. Pelvic nerve stimulation using TENG

As briefly mentioned above, TENGs generate biphasic pulses with non-rectangular waveforms,
which can be used for direct nerve stimulation. Figure 4(c) shows inducing urination by
stimulating the pelvic nerve, which is a parasympathetic nerve that directly modulates bladder
functions, using these TENGs.””! They implemented the TENG and connected it to a neural clip
electrode introduced in Section 2.1.2 to directly stimulate the pelvic nerve. The TENG was tapped
at a rate of 50 BPM or higher to stimulate the pelvic nerve to induce urination. It generated an
asymmetric charge-balanced biphasic current waveform, which is a favorable waveform for nerve
stimulation. The amplitude of the major positive pulse exceeds the threshold for stimulation and
has a short pulse width that makes the nerve stimulated only once during this phase. In the case
of the major negative pulse, the amount of charge is the same as the major positive, however, has
longer pulse width. Thanks to this fact, the amplitude does not exceed the threshold, avoiding
stimulation of the nerve in this period, while achieving a charge balance. To generate this kind of
waveform using commercial equipment requires a large stimulator or complicated circuits. On
the other hand, TENG generated this waveform with a simple “tapping” operation and also
achieved a charge value that was enough to stimulate the pelvic nerve and presented artifi-
cial urination.

4. Closed-loop system

Even if a great device that satisfies the conditions such as selectiveness, low volume, biocompat-
ible, etc. is fabricated, if it cannot determine “when” (appropriate time to operate the device) and
“how much” (how strong output it will produce), the value and effectiveness of the device will
decrease. 58"

In order to determine “when” and “how much” and communicate with the device, information
from outside (pressure, temperature, etc.) or inside the body (biomarker-electroneurogram, elec-
tromyogram, electrocardiogram, etc.) must be received, and the role of getting the information is
played by the sensor. After the data is obtained from the sensor, it has to go through a process to
be meaningful (usable) data to determine “when” and “how much” more specifically and accur-
ately. The first process is to remove unnecessary data such as noise from the vast amount of data
obtained through the sensor by using filters to leave only the desired data as much as possible.
After that, it goes through a process of extracting useful information for decision-making through
feature extraction.

Finally, the user empirically decides the value of “when” and “how much” of the device based
on the extracted data and the response of the organ. By importing the procedures and the
matched values to the algorithm of the controller, it makes the entire process can be performed
automatically and quickly by matching the data obtained from the sensor and the “when” and
“how much” value of the device with a small delay-time.%?!

«

4.1. Closed-loop system for bionic limb

For the case of electrical stimulation, recently there are studies about a closed-loop system for the
bionic limb not only to realize the embodiment but also to be able to perform movements that
better reflect the patient’s intention.®* Actually, the movement of the bionic limb itself has



194 H. SHIN ET AL.

already reached a certain level of maturity,®* but further research is still needed to be able to
produce natural movements that reflect the patient’s intention, not rigid mechanical movements
by continuously communicating with the patient.

As the conceptual image of this procedure (Figure 4(d)), the electronic skin acts as a sensor
that receives external information.”®) Then, by using the microcontroller, the received signal is
processed and then matched with the type and magnitude of the sensory information such as
touch, pain, or temperature. Based on the matched sensory information, activating the proper
afferent fibers from the nerve using peripheral interfaces that have high selectivity, the afferent
signals are delivered to the brain then, feel senses. When the user responds, the brain transmits
the motor commands through the efferent nerve. By receiving and decoding the efferent signals
with peripheral interfaces, the signals are used to control the bionic limb. By simultaneously oper-
ating these two interactions (motor and sensory), advanced bionic limb performing natural move-
ments based on the patient’s intention just like a part of the body with realistic sensation could
be achieved. A recent study showed that pulse modulation-based peripheral stimulation through
peripheral interfaces delivered realistic sensation to a user who wears an upper limb prosthesis.!*®’
Also, Valle et al. showed that sensory feedback via the sciatic nerve resulted in functional and
cognitive benefit in lower limb prostheses.!®”!

5. Conclusion

The PNS plays an important role in transmitting sensory information obtained from organs to
the CNS and transmitting commands from the CNS to organs or muscles. Since it has better
accessibility compared to the CNS, research is being actively conducted to apply various types of
neuromodulation to a variety of fields such as bioelectronic medicine and advanced bionic limbs.
Among them, electrical neuromodulation is a conventional approach and is widely used for neu-
romodulation. We introduced the basic stimulation principles and method for this electrical neu-
romodulation and reviewed studies using various electrode designs in the direction of increasing
selectiveness while inflicting less damage to nerves. In addition, voltage sources and current sour-
ces were discussed as electrical energy sources with pros and cons. Also, we introduced TENG,
which can generate charge-balanced biphasic current waveform autonomously through energy
harvesting. At the same time, we introduced that optogenetic neuromodulation can control the
inherent limitations of selectivity of this electrical neuromodulation, and performs higher selectiv-
ity compared to the electrical modulation by controlling (exciting, inhibiting) ion channels in
units of neurons. Although it is still necessary to prove the stability and efficacy of chronic opsin
injection, it has shown that it is possible to perform precise selective stimulation through various
applications and also can be applied to smooth muscle cells as well as neurons. Finally, the con-
cept and importance of a closed-loop system were discussed with an example of bionic limbs.
This closed-loop system is required not only for advanced bionic limbs but also for bioelectronic
medicine. Various neuromodulation methods, which are developing in various directions, are
expected to eventually be applied to a device with excellent selectiveness and a closed-loop system
that can replace a broken body system.

Funding

This research was supported by the DGIST R&D Program of the Ministry of Science and ICT (2021010028), by a
National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (NRF-
2019R1C1C1008344), by a Korea Medical Device Development Fund grant funded by the Korea government (the
Ministry of Science and ICT, the Ministry of Trade, Industry and Energy, the Ministry of Health & Welfare, the
Ministry of Food and Drug Safety) (Project Number: 1711138425, KMDF_PR_20200901_0196-02), and (Project
Number: 1711135031, KMDF_PR_20200901_0158-05).



INTERNATIONAL JOURNAL OF OPTOMECHATRONICS . 195

References

(10]
(11]
(12]
(13]

(14]

(15]
[16]
(17]
(18]
[19]
[20]
[21]
[22]
(23]
[24]

[25]

Catala, M.; Kubis, N. Gross anatomy and development of the peripheral nervous system. Handb. Clin.
Neurol. 2013, 115, 29-41. DOI: 10.1016/B978-0-444-52902-2.00003-5.

Berthoud, H.R.; Neuhuber, W.L. Functional and chemical anatomy of the afferent vagal system. Auton.
Neurosci. 2000, 85, 1-17. DOL: 10.1016/S1566-0702(00)00215-0

Amar, A.P; Apuzzo, M.L; Liu, C.Y. Vagus nerve stimulation therapy after failed cranial surgery for intract-
able epilepsy: Results from the vagus nerve stimulation therapy patient outcome registry. Neurosurgery
2004, 55, 1086-1093. DOI: 10.1227/01.NEU.0000141073.08427.76.

Yoo, P.B; Liu, H; Hincapie, J.G.; Ruble, S.B.; Hamann, J.J.; Grill, W.M. Modulation of heart rate by tem-
porally patterned vagus nerve stimulation in the anesthetized dog. Physiol. Rep. 2016, 4, e12689. DOI: 10.
14814/phy2.12689.

Rossini, P.M.; Micera, S.; Benvenuto, A.; Carpaneto, J.; Cavallo, G; Citi, L.; Cipriani, C.; Denaro, L.;
Denaro, V.; Di Pino, G. Double nerve intraneural interface implant on a human amputee for robotic hand
control. Clin. Neurophysiol. 2010, 121, 777-783. DOI: 10.1016/j.clinph.2010.01.001.

Raspopovic, S.; Capogrosso, M.; Petrini, F.M.; Bonizzato, M.; Rigosa, J.; Di Pino, G.; Carpaneto, J;
Controzzi, M.; Boretius, T.; Fernandez, E. Restoring natural sensory feedback in real-time bidirectional
hand prostheses. Sci. Transl. Med. 2014, 6, 222ral9. DOIL: 10.1126/scitranslmed.3006820.

Zelechowski, M.; Valle, G.; Raspopovic, S. A computational model to design neural interfaces for lower-
limb sensory neuroprostheses. J. Neuroeng. Rehabil. 2020, 17, 24-13. DOI: 10.1186/s12984-020-00657-7.
Wang, W.; Collinger, J.L; Perez, M.A.; Tyler-Kabara, E.C; Cohen, L.G,; Birbaumer, N.; Brose, SSW.;
Schwartz, A.B.; Boninger, M.L; Weber, D.J. Neural interface technology for rehabilitation: Exploiting and
promoting neuroplasticity. Phys. Med. Rehabil. Clin. N. Am. 2010, 21, 157-178. DOI: 10.1016/j.pmr.2009.
07.003.

Kuiken, T.A.; Feuser, A.E.S.; Barlow, A.K. Targeted Muscle Reinnervation: A Neural Interface for Artificial
Limbs. Taylor & Francis: Abingdon-on-Thames, UK, 2013.

Stewart, J.D. Peripheral nerve fascicles: Anatomy and clinical relevance. Muscle Nerve. 2003, 28, 525-541.
DOI: 10.1002/mus.10454.

Hursh, J.B. Conduction velocity and diameter of nerve fibers. Am. J. Physiol. Legacy Content 1939, 127,
131-139. DOI: 10.1152/ajplegacy.1939.127.1.131.

Kandal, ER.; Schwartz, J.H.; Jessell, T.M.; Siegelbaum, S.; Hudspeth, A.J.; Mack, S. Principles of Neural
Science. McGraw-Hill: New York, NY, 2000.

Carbone, E.; Wanke, E; Prestipino, G.; Possani, L.D.; Maelicke, A. Selective blockage of voltage-dependent
K+ channels by a novel scorpion toxin. Nature 1982, 296, 90-91. DOI: 10.1038/296090a0.

Messier, C.; Mourre, C.; Bontempi, B.; Sif, J.; Lazdunski, M.; Destrade, C. Effect of apamin, a toxin that
inhibits Ca2+-dependent K + channels, on learning and memory processes. Brain Res. 1991, 551, 322-326.
DOI: 10.1016/0006-8993(91)90950-Z.

Hille, B. Potassium channels and chloride channels. In Ionic Channels of Excitable Membrane; Hille, B., Ed.;
Oxford University Press: Oxford, UK, 1992; pp. 130-133.

Schmidt-Nielsen, K. Animal Physiology: Adaptation and Environment. Cambridge University Press:
Cambridge, UK, 1997.

Hodgkin, A.L; Huxley, A.F. The components of membrane conductance in the giant axon of loligo. J.
Physiol. 1952, 116, 473-496. DOI: 10.1113/jphysiol.1952.sp004718.

Fagerlund, M.].; Eriksson, L.I. Current concepts in neuromuscular transmission. Br. J. Anaesth. 2009, 103,
108-114. DOI: 10.1093/bja/aep150.

Charles, P.D.; Esper, G.J.; Davis, T.J.; Maciunas, R.J.; Robertson, D. Classification of tremor and update on
treatment. Am. Fam. Physician. 1999, 59, 1565-1572.

Wein, A.J. Diagnosis and treatment of the overactive bladder. Urology 2003, 62, 20-27. DOI: 10.1016/j.
urology.2003.09.008.

Malpas, S.C. Sympathetic nervous system overactivity and its role in the development of cardiovascular dis-
ease. Physiol. Rev. 2010, 90, 513-557. DOI: 10.1152/physrev.00007.2009.

Florea, V.G.; Cohn, J.N. The autonomic nervous system and heart failure. Circ. Res. 2014, 114, 1815-1826.
DOI: 10.1161/CIRCRESAHA.114.302589.

Lee, S.; Lee, C. Toward advanced neural interfaces for the peripheral nervous system (PNS) and their future
applications. Curr. Opin. Biomed. Eng. 2018, 6, 130-137. DOI: 10.1016/j.cobme.2018.05.004.

Bradley, W.E. Diagnosis of urinary bladder dysfunction in diabetes mellitus. Ann. Intern. Med. 1980, 92,
323-326. DOI: 10.7326/0003-4819-92-2-323.

Hou, S.; Rabchevsky, A.G. Autonomic consequences of spinal cord injury. Compr. Physiol. 2014, 4,
1419-1453. DOI: 10.1002/cphy.c130045.


https://doi.org/10.1016/B978-0-444-52902-2.00003-5
https://doi.org/10.1227/01.NEU.0000141073.08427.76
https://doi.org/10.14814/phy2.12689
https://doi.org/10.14814/phy2.12689
https://doi.org/10.1016/j.clinph.2010.01.001
https://doi.org/10.1126/scitranslmed.3006820
https://doi.org/10.1186/s12984-020-00657-7
https://doi.org/10.1016/j.pmr.2009.07.003
https://doi.org/10.1016/j.pmr.2009.07.003
https://doi.org/10.1002/mus.10454
https://doi.org/10.1152/ajplegacy.1939.127.1.131
https://doi.org/10.1038/296090a0
https://doi.org/10.1016/0006-8993(91)90950-Z
https://doi.org/10.1113/jphysiol.1952.sp004718
https://doi.org/10.1093/bja/aep150
https://doi.org/10.1016/j.urology.2003.09.008
https://doi.org/10.1016/j.urology.2003.09.008
https://doi.org/10.1152/physrev.00007.2009
https://doi.org/10.1161/CIRCRESAHA.114.302589
https://doi.org/10.1016/j.cobme.2018.05.004
https://doi.org/10.7326/0003-4819-92-2-323
https://doi.org/10.1002/cphy.c130045

196 H. SHIN ET AL.

[26]

(27]

(28]
[29]

(30]

(31]
(32]

(33]
(34]

(35]

(36]
(37]

(38]

[39]

[40]

(41]

[42]

(43]

[44]

[45]

[46]

(47]

(48]

[49]

(50]

Makin, T.R; de Vignemont, F.; Faisal, A.A. Neurocognitive barriers to the embodiment of technology. Nat.
Biomed. Eng. 2017, 1, 1-3. DOI: 10.1038/s41551-016-0014.

Ginter, C; Delbeke, J; Ortiz-Catalan, M. Safety of long-term electrical peripheral nerve
stimulation: Review of the state of the art. J. Neuroengineering Rehabil. 2019, 16, 1-16. DOIL: 10.1186/
$12984-018-0474-8.

éberg, P.A. Magnetic stimulation of nerve tissue. Med. Biol. Eng. 1973, 11, 55-64. DOI: 10.1007/
BF02477296.

Anderson, H.E;; Weir, REF. On the development of optical peripheral nerve interfaces. Neural. Regen. Res.
2019, 14, 425-436. DOI: 10.4103/1673-5374.245461.

Wright, C.J.; Hagshenas, S.R;; Rothwell, J.; Saffari, N. Unmyelinated peripheral nerves can be stimulated
in vitro using pulsed ultrasound. Ultrasound Med. Biol. 2017, 43, 2269-2283. DOI: 10.1016/j.ultrasmedbio.
2017.05.008.

Galvani, L. De viribus electricitatis in motu muscularis commentarius. Bononiensi Sci. Artium Inst. atque
Acad. Comment 1791, 7, 363-418.

Rattay, F. Analysis of models for external stimulation of axons. IEEE Trans. Biomed. Eng. 1986, 33,
974-977. DOI: 10.1109/TBME.1986.325670.

Verveen, A.A. Axon diameter and fluctuation in excitability. Acta Morphol. Neerl. Scand. 1962, 5, 79-85.
Ritchie, J.M. On the relation between fibre diameter and conduction velocity in myelinated nerve fibres.
Proc. Royal Soc. London. Series B. Biol. Sci. 1982, 217, 29-35.

Shannon, R.V. A model of safe levels for electrical stimulation. IEEE Trans. Biomed. Eng. 1992, 39,
424-426. DOI: 10.1109/10.126616.

Bonham, B.H.; M,, Litvak, L. Current focusing and steering. Hear. Res. 2008, 242, 141-153.

Zhu, Z.; Tang, Q.; Zeng, F.G,; Guan, T.; Ye, D. Cochlear-implant spatial selectivity with monopolar, bipolar
and tripolar stimulation. Hear. Res. 2012, 283, 45-58. DOI: 10.1016/j.heares.2011.11.005.

Sabetian, P.; Popovic, M.R;; Yoo, P.B. Optimizing the design of bipolar nerve cuff electrodes for improved
recording of peripheral nerve activity. J. Neural. Eng. 2017, 14, 036015. DOI: 10.1088/1741-2552/aa6407.
Lawrence, S.M.; Dhillon, G.S.; Jensen, W.; Yoshida, K.; Horch, KW. Acute peripheral nerve recording char-
acteristics of polymer-based longitudinal intrafascicular electrodes. IEEE Trans. Neural. Syst. Rehabil. Eng.
2004, 12, 345-348. DOI: 10.1109/TNSRE.2004.831491.

Boretius, T.; Badia, J.; Pascual-Font, A.; Schuettler, M.; Navarro, X.; Yoshida, K.; Stieglitz, T. A transverse
intrafascicular multichannel electrode (TIME) to interface with the peripheral nerve. Biosens. Bioelectron.
2010, 26, 62-69. DOI: 10.1016/j.bios.2010.05.010.

Thompson, C.H.; Zoratti, M.]; Langhals, N.B.; Purcell, E.K. Regenerative electrode interfaces for neural
prostheses. Tissue Eng. Part B Rev. 2016, 22, 125-135. DOI: 10.1089/ten.teb.2015.0279.

Badia, J.; Boretius, T.; Andreu, D.; Azevedo-Coste, C.; Stieglitz, T.; Navarro, X. Comparative analysis of
transverse intrafascicular multichannel, longitudinal intrafascicular and multipolar cuff electrodes for the
selective stimulation of nerve fascicles. J. Neural. Eng. 2011, 8, 036023. DOI: 10.1088/1741-2560/8/3/036023.
Tan, D.W.; Schiefer, M.A; Keith, M.W.; Anderson, J.R; Tyler, J.; Tyler, D.J. A neural interface provides
long-term stable natural touch perception. Sci. Transl. Med. 2014, 6, 257ral38. DOI: 10.1126/scitranslmed.
3008669.

Wellman, S.M.; Eles, J.R;; Ludwig, K.A.; Seymour, J.P.; Michelson, N.J.; McFadden, W.E,; Vazquez, A.L,;
Kozai, T.D.Y. A materials roadmap to functional neural interface design. Adv. Funct. Mater. 2018, 28,
1701269. DOI: 10.1002/adfm.201701269.

Song, K.I; Seo, H.; Seong, D.; Kim, S.; Yu, K.J.; Kim, Y.C,; Kim, J.; Kwon, S.J.; Han, H.S.; Youn, L; Lee H.;
Son, D. Adaptive self-healing electronic epineurium for chronic bidirectional neural interfaces. Nat.
Commun. 2020, 11, 4195. DOI: 10.1038/s41467-020-18025-3.

McCallum, G.A; Sui, X; Qiu, C; Marmerstein, J.; Zheng, Y.; Eggers, T.E; Hu, C; Dai, L.; Durand, D.M.
Chronic interfacing with the autonomic nervous system using carbon nanotube (CNT) yarn electrodes. Sci.
Rep. 2017, 7, 11723-11714. DOI: 10.1038/s41598-017-10639-w.

Lee, S; Yen, S.C; Sheshadri, S.; Martinez, 1.D.; Xue, N.; Xiang, Z.; Thakor, N.V.; Lee, C. Flexible epineural
strip electrode for recording in fine nerves. IEEE Trans. Biomed. Eng. 2016, 63, 581-587. DOI: 10.1109/
TBME.2015.2466442.

Lee, S.; Wang, H.; Wang, J.; Shi, Q; Yen, S.C.; Thakor, N.V.; Lee, C. Battery-free neuromodulator for per-
ipheral nerve direct stimulation. Nano Energy 2018, 50, 148-158. DOI: 10.1016/j.nanoen.2018.04.004.

Lee, S; Peh, W.Y.X;; Wang, J.; Yang, F.; Ho, J.S;; Thakor, N.V; Yen, S.-C,; Lee, C. Toward bioelectronic
medicine-neuromodulation of small peripheral nerves using flexible neural clip. Adv. Sci. 2017, 4, 1700149.
DOI: 10.1002/advs.201700149.

Otchy, T.M.; Michas, C; Lee, B.; Gopalan, K.; Nerurkar, V.; Gleick, J.; Semu, D.; Darkwa, L.; Holinski, B.J.;
Chew, D.J.; White, A.E.; Gardner, T.J. Printable microscale interfaces for long-term peripheral nerve map-
ping and precision control. Nat. Commun. 2020, 11, 4191-4116. DOI: 10.1038/s41467-020-18032-4.


https://doi.org/10.1038/s41551-016-0014
https://doi.org/10.1186/s12984-018-0474-8
https://doi.org/10.1186/s12984-018-0474-8
https://doi.org/10.1007/BF02477296
https://doi.org/10.1007/BF02477296
https://doi.org/10.4103/1673-5374.245461
https://doi.org/10.1016/j.ultrasmedbio.2017.05.008
https://doi.org/10.1016/j.ultrasmedbio.2017.05.008
https://doi.org/10.1109/TBME.1986.325670
https://doi.org/10.1109/10.126616
https://doi.org/10.1016/j.heares.2011.11.005
https://doi.org/10.1088/1741-2552/aa6407
https://doi.org/10.1109/TNSRE.2004.831491
https://doi.org/10.1016/j.bios.2010.05.010
https://doi.org/10.1089/ten.teb.2015.0279
https://doi.org/10.1088/1741-2560/8/3/036023
https://doi.org/10.1126/scitranslmed.3008669
https://doi.org/10.1126/scitranslmed.3008669
https://doi.org/10.1002/adfm.201701269
https://doi.org/10.1038/s41467-020-18025-3
https://doi.org/10.1038/s41598-017-10639-w
https://doi.org/10.1109/TBME.2015.2466442
https://doi.org/10.1109/TBME.2015.2466442
https://doi.org/10.1016/j.nanoen.2018.04.004
https://doi.org/10.1002/advs.201700149
https://doi.org/10.1038/s41467-020-18032-4

(51]

(52]
(53]
(54]

(55]

(56]
(57]
(58]

(59]

[60]

[61]

[62]

[63]
[64]
[65]
(6]

[67]

(68]

[69]

[70]

(71]

(72]

(73]

(74]

INTERNATIONAL JOURNAL OF OPTOMECHATRONICS . 197

Xiang, Z.; Sheshadri, S.; Lee, S.H.; Wang, J.; Xue, N.; Thakor, N.V.; Yen, S.C; Lee, C. Mapping of small
nerve trunks and branches using adaptive flexible electrodes. Adv. Sci. 2016, 3, 1500386. DOI: 10.1002/
advs.201500386.

Aryan, N.P;; Kaim, H.; Rothermel, A. Stimulation and Recording Electrodes for Neural Prostheses. Springer
International Publishing: New York, NY, 2015.

Brocker, D.T.; Grill, W.M. Principles of electrical stimulation of neural tissue. Handb. Clin. Neurol. 2013,
116, 3-18. DOI: 10.1016/B978-0-444-53497-2.00001-2.

Lilly, J.C.; Hughes, J.R.; Alvord, E.C.; Galkin, T.W. Brief, noninjurious electric waveform for stimulation of
the brain. Science 1955, 121, 468-469. DOI: 10.1126/science.121.3144.468.

Stoney, S.D.; Thompson, W.D.; Asanuma, H. Excitation of pyramidal tract cells by intracortical microsti-
mulation: Effective extent of stimulating current. J. Neurophysiol. 1968, 31, 659-669. DOI: 10.1152/jn.1968.
31.5.659.

Mclntyre, C.C.; Grill, W.M. Excitation of central nervous system neurons by nonuniform electric fields.
Biophys. J. 1999, 76, 878-888. DOI: 10.1016/S0006-3495(99)77251-6.

Merrill, D.R.; Bikson, M.; Jefferys, J.G.R. Electrical stimulation of excitable tissue: Design of efficacious and
safe protocols. J. Neurosci. Methods. 2005, 141, 171-198. DOI: 10.1016/j.jneumeth.2004.10.020.
Bin-Mahfoodh, M.; Hamani, C.; Sime, E.; Lozano, A.M. Longevity of batteries in internal pulse generators
used for deep brain stimulation. Stereotact. Funct. Neurosurg. 2003, 80, 56-60. DOI: 10.1159/000075161.
Yao, G.; Kang, L; Li, J.; Long, Y.; Wei, H,; Ferreira, C.A; Jeffery, J.J.; Lin, Y.; Cai, W.; Wang, X. Effective
weight control via an implanted self-powered vagus nerve stimulation device. Nat. Commun. 2018, 9,
5349-5310. DOI: 10.1038/541467-018-07764-z.

Lee, S; Wang, H; Shi, Q; Dhakar, L.; Wang, J.; Thakor, N.V.; Yen, S.C.; Lee, C. Development of battery-
free neural interface and modulated control of tibialis anterior muscle via common peroneal nerve based
on triboelectric nanogenerators (TENGs). Nano Energy 2017, 33, 1-11. DOI: 10.1016/j.nanoen.2016.12.038.
Wang, J; Wang, H.; Thakor, N.V; Lee, C. Self-powered direct muscle stimulation using a triboelectric
nanogenerator (TENG) integrated with a flexible multiple-channel intramuscular electrode. ACS Nano.
2019, 13, 3589-3599. DOI: 10.1021/acsnano.9b00140.

Abbott, S.B.G.; DePuy, S.D.; Nguyen, T.; Coates, M.B.; Stornetta, RL.; Guyenet, P.G. Selective optogenetic
activation of rostral ventrolateral medullary catecholaminergic neurons produces cardiorespiratory stimula-
tion in conscious mice. J. Neurosci. 2013, 33, 3164-3177. DOI: 10.1523/JNEUROSCI.1046-12.2013.

Boyden, E.S.; Zhang, F.; Bamberg, E.; Nagel, G.; Deisseroth, K. Millisecond-timescale, genetically targeted
optical control of neural activity. Nat. Neurosci. 2005, 8, 1263-1268. DOI: 10.1038/nn1525.

Yizhar, O.; Fenno, L.E.; Davidson, T.J.; Mogri, M.; Deisseroth, K. Optogenetics in neural systems. Neuron
2011, 71, 9-34. DOI: 10.1016/j.neuron.2011.06.004.

Fenno, L.; Yizhar, O.; Deisseroth, K. The development and application of optogenetics. Annu. Rev.
Neurosci. 2011, 34, 389-412. DOI: 10.1146/annurev-neuro-061010-113817.

Rein, M.L.; Deussing, ].M. The optogenetic (r)evolution. Mol. Genet. Genom. 2012, 287, 95-109. DOIL: 10.
1007/500438-011-0663-7.

Lin, J.Y.; Knutsen, P.M.; Muller, A.; Kleinfeld, D.; Tsien, R.Y. ReaChR: A red-shifted variant of channelrho-
dopsin enables deep transcranial optogenetic excitation. Nat. Neurosci. 2013, 16, 1499-1508. DOI: 10.1038/
nn.3502.

Ramamoorth, M.; Narvekar, A. Non viral vectors in gene therapy- an overview. J. Clin. Diagn. Res. 2015, 9,
GE01-GE06. DOI: 10.7860/JCDR/2015/10443.5394.

Clements, LP.; Gnade, A.G.; Rush, A.D.; Patten, C.D.; Twomey, M.C.; Kravitz, A.V. Miniaturized LED
sources for in vivo optogenetic experimentation. Optogenet. Opt. Methods Cell. Contr. 2013, 8586, 85860X.
DOI: 10.1117/12.2008080.

Zheng, H,; Zhang, Z; Jiang, S.; Yan, B,; Shi, X,; Xie, Y.; Huang, X,; Yu, Z; Liu, H; Weng, S. A shape-mem-
ory and spiral light-emitting device for precise multisite stimulation of nerve bundles. Nat. Commun. 2019,
10, 2790-2714. DOI: 10.1038/s41467-019-10418-3.

Sparta, D.R; Stamatakis, A.M.; Phillips, J.L.; Hovelse, N.; Van Zessen, R.; Stuber, G.D. Construction of
implantable optical fibers for long-term optogenetic manipulation of neural circuits. Nat. Protoc. 2011, 7,
12-23. DOI: 10.1038/nprot.2011.413.

Michoud, F.; Sottas, L.; Browne, L.E.; Asboth, L.; Latremoliere, A.; Sakuma, M.; Courtine, G.; Woolf, C.J;
Lacour, S.P. Optical cuff for optogenetic control of the peripheral nervous system. J. Neural. Eng. 2018, 15,
015002. DOI: 10.1088/1741-2552/aa9126.

Rinaman, L.; Comer, J. Antagonism of central glucagon-like peptide-1 receptors enhances lipopolysacchar-
ide-induced fever. Auton. Neurosci. Basic Clin. 2000, 85, 98-101. DOI: 10.1016/S1566-0702(00)00227-7.
DeGiorgio, C.M.; Schachter, S.C.; Handforth, A.; Salinsky, M.; Thompson, J.; Uthman, B.; Reed, R.; Collin,
S.; Tecoma, E.; Morris, G.L; Vaughn, B.; Naritoku, D.K.; Henry, T.; Labar, D.; Gilmartin, R; Labiner, D.;
Osorio, I; Ristanovic, R;; Jones, J.; Murphy, J.; Ney, G.; Wheless, J.; Lewis, P.; Heck, C. Prospective long-


https://doi.org/10.1002/advs.201500386
https://doi.org/10.1002/advs.201500386
https://doi.org/10.1016/B978-0-444-53497-2.00001-2
https://doi.org/10.1126/science.121.3144.468
https://doi.org/10.1152/jn.1968.31.5.659
https://doi.org/10.1152/jn.1968.31.5.659
https://doi.org/10.1016/S0006-34959977251-6
https://doi.org/10.1016/j.jneumeth.2004.10.020
https://doi.org/10.1159/000075161
https://doi.org/10.1038/s41467-018-07764-z
https://doi.org/10.1016/j.nanoen.2016.12.038
https://doi.org/10.1021/acsnano.9b00140
https://doi.org/10.1523/JNEUROSCI.1046-12.2013
https://doi.org/10.1038/nn1525
https://doi.org/10.1016/j.neuron.2011.06.004
https://doi.org/10.1146/annurev-neuro-061010-113817
https://doi.org/10.1007/s00438-011-0663-7
https://doi.org/10.1007/s00438-011-0663-7
https://doi.org/10.1038/nn.3502
https://doi.org/10.1038/nn.3502
https://doi.org/10.7860/JCDR/2015/10443.5394
https://doi.org/10.1117/12.2008080
https://doi.org/10.1038/s41467-019-10418-3
https://doi.org/10.1038/nprot.2011.413
https://doi.org/10.1088/1741-2552/aa9126
https://doi.org/10.1016/S1566-0702(00)00227-7

198 H. SHIN ET AL.

[75]

[76]

(77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

term study of vagus nerve stimulation for the treatment of refractory seizures. Epilepsia 2000, 41,
1195-1200. DOI: 10.1111/j.1528-1157.2000.tb00325.x.

Rush, A.J.; Marangell, L.B.; Sackeim, H.A; George, M.S.; Brannan, S.K.; Davis, S.M.; Howland, R.; Kling,
M.A,; Rittberg, B.R; Burke, W.]J; Rapaport, M.H.; Zajecka, J.; Nierenberg, A.A.; Husain, M.M.; Ginsberg,
D.; Cooke R.G. Vagus nerve stimulation for treatment-resistant depression: A randomized, controlled acute
phase trial. Biol. Psychiatry. 2005, 58, 347-354. DOI: 10.1016/j.biopsych.2005.05.025.

De Ferrari, G.M.; Crijns, H.J.G.M.; Borggrefe, M.; Milasinovic, G.; Smid, J.; Zabel, M.; Gavazzi, A.; Sanzo,
A.; Dennert, R; Kuschyk, J.; Raspopovic, S.; Klein, H.; Swedberg, K. Chronic vagus nerve stimulation: A
new and promising therapeutic approach for chronic heart failure. Eur. Heart . 2011, 32, 847-855. DOI:
10.1093/eurheartj/ehq391.

Rajendran, P.S.; Challis, R.C.; Fowlkes, C.C.; Hanna, P.; Tompkins, J.D.; Jordan, M.C.; Hiyari, S.; Gabris-
Weber, B.A,; Greenbaum, A.; Chan, K.Y,; Deverman, B.E.; Miinzberg, H.; Ardell, J.L; Salama, G
Gradinaru, V.; Shivkumar, K. Identification of peripheral neural circuits that regulate heart rate using opto-
genetic and viral vector strategies. Nat. Commun. 2019, 10, 1944. DOI: 10.1038/s41467-019-09770-1.

Kim, W.S.; Hong, S.; Gamero, M.; Jeevakumar, V.; Smithhart, C.M.; Price, T.J.; Palmiter, R.D.; Campos, C.;
Park, S.I. Organ-specific, multimodal, wireless optoelectronics for high-throughput phenotyping of periph-
eral neural pathways. Nat. Commun. 2021, 12, 157-110. DOI: 10.1038/s41467-020-20421-8.

Lee, S.; Wang, H.; Xian Peh, W.Y; He, T,; Yen, S.C; Thakor, N.V.; Lee, C. Mechano-neuromodulation of
autonomic pelvic nerve for underactive bladder: A triboelectric neurostimulator integrated with flexible
neural clip interface. Nano Energy 2019, 60, 449-456. DOI: 10.1016/j.nanoen.2019.03.082.

Mirza, K.B,; Golden, C.T.; Nikolic, K.; Toumazou, C. Closed-loop implantable therapeutic neuromodulation
systems based on neurochemical monitoring. Front. Neurosci. 2019, 13, 808-818. DOI: 10.3389/fnins.2019.
00808.

Mirza, K.B.; Kulasekeram, N.; Liu, Y.; Nikolic, K.; Toumazou, C. System on chip for closed loop neuromo-
dulation based on dual mode biosignals. In Proceedings of the IEEE International Symposium on Circuits
and Systems (ISCAS), Sapporo, Japan, May 26-29, 2019; IEEE: New York, NY, 2019.

Ghafoor, U,; Kim, S.; Hong, K.S. Selectivity and longevity of peripheral-nerve and machine interfaces: A
review. Front. Neurorobot. 2017, 11, 59. DOI: 10.3389/fnbot.2017.00059.

D’Anna, E.; Valle, G.; Mazzoni, A.; Strauss, L; Iberite, F.; Patton, J.; Petrini, F.M.; Raspopovic, S.; Granata,
G.; Torio, R.D; Controzzi, M.; Cipriani, C; Stieglitz, T.; Rossini, P.M.; Micera, S. A closed-loop hand pros-
thesis with simultaneous intraneural tactile and position feedback. Sci. Robot. 2019, 4, eaau8892. DOI: 10.
1126/scirobotics.aau8892.

Touch, Bionics. User brochure: i-limb quantum. 2020. Available at http://www.touchbionics.com/sites/
default/files/files/MA01374US%20rev.%202%2C%20January%202017%20User%20Brochure_i-limb%20quan-
tum.pdf.

Osborn, LE.; Dragomir, A Betthauser, J.L; Hunt, C.L; Nguyen, H.H, Kaliki, R.R; Thakor, N.V.
Prosthesis with neuromorphic multilayered e-dermis perceives touch and pain. Sci. Robot. 2018, 3,
eaat3818. DOI: 10.1126/scirobotics.aat3818.

George, J.A,; Kluger, D.T.; Davis, T.S; Wendelken, S.M.; Okorokova, E.V.; He, Q; Duncan, C.C;
Hutchinson, D.T.; Thumser, Z.C.; Beckler, D.T.; Marasco, P.D.; Bensmaia, S.J.; Clark, G.A. Biomimetic sen-
sory feedback through peripheral nerve stimulation improves dexterous use of a bionic hand. Sci. Robot.
2019, 4, 1-12. DOI: 10.1126/scirobotics.aax2352.

Valle, G.; Saliji, A.; Fogle, E.; Cimolato, A.; Petrini, F.M.; Raspopovic, S. Mechanisms of neuro-robotic pros-
thesis operation in leg amputees. Sci. Adv. 2021, 7, eabd8354. DOI: 10.1126/sciadv.abd8354.


https://doi.org/10.1111/j.1528-1157.2000.tb00325.x
https://doi.org/10.1016/j.biopsych.2005.05.025
https://doi.org/10.1093/eurheartj/ehq391
https://doi.org/10.1038/s41467-019-09770-1
https://doi.org/10.1038/s41467-020-20421-8
https://doi.org/10.1016/j.nanoen.2019.03.082
https://doi.org/10.3389/fnins.2019.00808
https://doi.org/10.3389/fnins.2019.00808
https://doi.org/10.3389/fnbot.2017.00059
https://doi.org/10.1126/scirobotics.aau8892
https://doi.org/10.1126/scirobotics.aau8892
http://www.touchbionics.com/sites/default/files/files/MA01374US%20rev.%202%2C%20January%202017%20User%20Brochure_i-limb%20quantum.pdf
http://www.touchbionics.com/sites/default/files/files/MA01374US%20rev.%202%2C%20January%202017%20User%20Brochure_i-limb%20quantum.pdf
http://www.touchbionics.com/sites/default/files/files/MA01374US%20rev.%202%2C%20January%202017%20User%20Brochure_i-limb%20quantum.pdf
https://doi.org/10.1126/scirobotics.aat3818
https://doi.org/10.1126/scirobotics.aax2352
https://doi.org/10.1126/sciadv.abd8354

	Abstract
	Introduction
	The human nervous system
	Classification of the peripheral nervous system
	Structure of nerve
	Nerve signal transduction mechanism
	Necessity of peripheral nerve modulation

	Methods for neuromodulation
	Electrical neuromodulation
	Electrical stimulation
	Electrode configuration and selectivity
	Electrical energy source

	Optogenetic neuromodulation

	Application of electrical & optogenetics neuromodulation
	Vagus nerve stimulation of optogenetics
	Gastric optogenetics
	Pelvic nerve stimulation using TENG

	Closed-loop system
	Closed-loop system for bionic limb

	Conclusion
	Funding
	References


