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Pestome

The purpose of research. To date, neurointerfaces have not been unified to create combined prosthetic control sys-
tems. Based on this, this review is aimed at understanding the possibility of integrating neurointerfaces by clarifying the
advantages and disadvantages of neurotechnologies related to prosthetics and the possible creation of a combined
prosthesis control system.

Methods. Analysis of brain-computer interfaces available in the literature in combination with neuroimaging ex-
periments, especially in a hybrid system. A number of databases of scientific literature were used for the analysis,
namely Google Scholar, scopus, etc. Links to the database data on the Internet: https://scholar.google.com/,
https://www.mdpi.com/journal/sensors, elibrary.ru, https://www.refseek.com, https://link.springer.com/,
https://www.base-search.net

Results. Brain-computer interfaces are currently being used in a wide variety of fields, including to improve the lives of
people with disabilities. However, individual neural interfaces have certain disadvantages that make it difficult to use
them to control mechanical devices, including prosthetic limbs. Hybrid neural interface systems (as an integrated soft-
ware and hardware complex) are significantly superior to those obtained using separate neural interfaces, and these
systems can be used for medical purposes.

Conclusion. This review provides a brief overview of the disability of people with missing upper limbs and how to
improve their lives with prosthetics. The analysis of various hybrid methods of brain research is given. It can be noted
that fNIRS technology is the closest technology that can facilitate the integration of neural interfaces, since it has ad-
vantages that make it a tool that complements other technologies, its advantages make up for the inherent disad-
vantages of fNIRS. It has been established that the hybrid system provides a clear advantage over individual neural
interfaces.

Keywords. disability; brain—computer-interface; electroencephalography; surface electromyography; integrated control
system; prostheses.
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B0O3MOXHOCTb MHTErpauum HeMpomHTepdPencoB ANsa co3aaHus
KOMOMHMPOBAHHOW CUCTEMbI YNpaBfieHMUA NpoTe3amMunu: KpaTtkum ob63op

A. M. Camanpapu', A. H. AcdpoHnH? ™

' Benropofckuii rocyqapCTBEeHHbIN HaLMOHarbHbIN NCCIEA0BaTENbCKUIN YHUBEPCUTET
yn. MoGepabl, A. 85, r. benropoa 308015, Poccuiickaa Pepepaumns

¥ e-mail: aliofphysics777ali@gmail.com
Abstract

Uenb uccnedoeaHus. Ha ceco0HswHUl OeHb HelpouHmepgelicb! He yHUguyuposaHs! 0511 co30aHusi KOMBUHUPO-
8aHHbIX cucmem yripasieHusi npome3samu. Micxo0s1 u3 amoeao 0aHHbIU 0630p HarnpaesneH Ha npedcmasneHue 803MOX-
HOCMu uHMeepauyuu HelipouHmepghelicos nMymeM 8bIICHEHUsI rnpeuMywecmes u Hedocmamkos HelipomexHosoaud,
C8513aHHbIX C MPOMe3uposaHUeM, U 803MOXHO20 cO30aHUs1 KOMOUHUPOBaHHOU cucmeMbl ynpaesneHusi npome3samu.
Memodsi. OcywecmerneH aHanu3 umMewuxcs 8 numepamype uccriedosaHuli UHMepgelicos «MO32-KOMIIbIOMepP» 8
coyemaHuu ¢ aKcrnepuMeHmamu o Helipogusyanu3ayuu, ocobeHHo 8 2ubpudHol cucmeme. [ns aHanu3sa ucnosb30-
8aH psid 6a3 Hay4yHoU numepamypsbl, a uMeHHo Google Scholar, Scopus u dp. Ccbinku Ha 0aHHble 6a3sbl 8 cemu VK-
mepHem: https://scholar.google.com/, https:.//www.mdpi.com/journal/sensors, elibrary.ru, https://www.refseek.com,
https://link.springer.com/, https://www.base-search.net.

Pe3ynbmamsl. Iimepcgbelicbl «MO32 — KOMMbOMep» 8 Hacmosiuee epeMsi UCMOb3YIomCcsi 8 caMbiX pa3HbIx obra-
cmsix, 8 mom yucne 0715 yy4YweHUs XU3HU ftodell ¢ o2paHUuYeHHbIMU 803MOXHOCMSMU. OOHaKo omoeribHble Helipo-
uHmepgelicbl umetom onpedesieHHble Hedocmamku, 3ampyOHsIUUE UX npuMeHeHue Or1s1 yrpasieHusi MexaHu4e-
CKUMu ycmpolicmeamu, 8 MoM yucrne rnpome3amu KoHeyHocmel. Cucmemb! 2ubpudHbIX HelipouHmepgbelicos (kak
UHMeapupo8aHHbIl fpozpamMMHO-annapamHbIl KOMIIEKC) 3HaYumeribHO Npesocxodsim me, Komopbie 6binu rnosny-
YeHbl MpuU UCroIb308aHUU 0mOesibHbIX HelipouHmepghelicos, U OHU Mo2ym bbimb MPUMEHEeHbI 8 MEOQUUUHCKUX UEsIsiX.
3aknro4yeHue. B amom o063ope npedcmasneH kpamkuli 0630p uHeanudHocmu firodeli ¢ omcymemeueM 8ePXHUX KO-
He4YHocmel U moeo, KakK yryHuumb UX XU3Hb C MOMOWbI0 rnpome3os. [aH aHanus pasnuyHbix 2ubpudHbIX Memodos
uccrnedosgaHusi 205108H020 Mo3za. MoxHo ommemums, umo fNIRS senssemcs mexHonozauel, Komopasi MoXxem Crio-
cobcmeosamb uHMezpayuu HelpouHmepgelicos, MOCKOMbKY umMeem npeuMyuecmea, kKomopble denarom eé UH-
cmpymeHmom, O0MOHAIOWUM Opyaue mexHoI02uU. YecmaHo81eHo, Ymo 2ubpudHasi cucmema obecrnieyugaem si8Hoe
npeumMywecmao o cpasHeHur ¢ omoesibHbIMU HelpouHmepgelcamu.

Knrodeesnie cnosa: uHsanudHocmb, uHmepghelic «Mo32 — KOMIMbIomep»; 3r1eKmMposHueganozpachusi; mogepxHocm-
Hasi anekmpomuoepachusi; UHMeepuposaHHasi cucmema ynpaesneHusi; Npome3sbI.

KOHd)ﬂUKm uHmepecos: Asmopsbl deKnapupyiom omcymcmeue A8HbIX U rnomeHuyuaribHblX KOHGbrIUKMO8 uHmepe-
C08, C8A3aHHbIX C I'Iy6/'ILIKaL(U€L7 Hacmosuwel cmamabu.

Ona untnpoBaHua: Camangapu A. M., AdoHunH A. H. BO3MOXHOCTb MHTErpaumm HenpomHTepdencoB Anst co3aaHns
KOMOWHMPOBAHHOW CUCTEMBI YNpPaBeHUs NpoTe3amu: kpaTkuin 063op // N3BecTus KOro-3anagHoro rocyapcTBEHHOTO
yHuBepcuteTa. Cepwusi: YnpasneHue, BblMUCIIUTENBHAA TeXHWKA, WHdopMaTuka. MeamuuHckoe npubopocTpoeHme.
2024.T. 14, Ne 2. C. 60-71. https://doi.org/10.21869/2223-1536-2024-14-2-60-71
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Introduction

At present time, natural organs are not
replaced by artificial organs with the same
accuracy, and the loss of a limb in itself is a
great loss. Continued accidents, diseases,
and other problems leave behind a lot of
physical problems in people, with less than
one percent of all people with disabilities
under the age of five [1]. Physically disa-
bled amputees lose their freedom of move-
ment and may develop mental illnesses,
leading to isolation from social contact. The
concept of disability cannot be reduced to
just a physical loss, but it is a heavy and

Forequarter amputation

Transhumeral (above elbow) T .

Transradial (below elbow) s \

&_

Y -

boring feeling that affects a person through-
out his life and constantly grows in physi-
cally disabled people, who may be mentally
disabled, and this feeling may lead them to
suicide.

Loss of the lower and upper limbs is
one of the most common disabilities be-
cause it is the most prominent and most
used external organ in people. More than 3
million people worldwide suffer from the
disability of arm amputation [2]. The Disa-
bility of the upper extremities can be di-
vided into five main parts, as shown in Fig-
ure 1 [3].

Shoulder disarticulation

T

or ,\

/" e Wrist disarticulation

Fig. 1. Upper limb amputation regions with five parts

Deepen the understanding of disability,
a multifaceted, multidimensional, complex
and interdisciplinary social phenomenon, in
all cultures and historical periods, promote
greater awareness of the experiences of
people with disabilities, advocate for social
change that promotes positive emotions
without negativity and encourage them to
socialize without isolation [4]. The acceler-
ated scientific progress, especially in the
technological field, has entered the lives of
people with disabilities to find appropriate

solutions and ways to improve their lives.
The solutions lie in finding artificial substi-
tutes to replace the amputated natural limbs,
but they do not come - that is, artificial
limbs - with the same precision, feeling,
sensation and freedom of movement that
their counterpart from natural limbs pos-
sesses. The beginning of the idea of pros-
thetics may date back historically to a large
artificial toe made of wood found on the
foot of the mummy of an Egyptian woman

3000 years ago and it was the oldest
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prosthesis in the world and was used then
for decoration [5]. If the prosthesis exceeds
beyond the idea of aesthetics and contrib-
utes to improving the life of a disabled per-
son by performing a motor task, even by
1%, it is definitely better than using it for
decorative purposes only.

A prosthesis is a device that replaces a
natural limb to beautifully complete the
physical structure and perform the tasks and
functions performed by the latter. Modern
bionic prostheses have actuators that per-
form the tasks of movements and in order
to control these movements, neural inter-
faces are used- a hardware- software com-
plex for functional interconnection between
a biological object ( animal or human ) and
a machine for the direct exchange of infor-
mation between the human nervous system
and the electronic device- to control the
drives of such bionic prostheses [6].

The first neural interfaces mentioned in
the scientific literature developed by a re-
search group in 1973-1977 [6; 7]. Despite
the large number of modern scientific stud-
ies and numerous articles, a unified classi-
fication of neural interfaces has not yet been
developed. The functionality of neural in-
terfaces is based on the real-time detection
of patterns of brain activity using neuroim-
aging methods, such as electroencephalog-
raphy (EEG), functional near-infrared spec-
troscopy (fNIRS) and others methods, and
on the transformation of the obtained infor-
mation into control commands for hardware
such as bioprosthesis, exoskeleton, neuro-
interface for attention control, etc. It is

known that neuroimaging techniques have

advantages and have some inherent disad-
vantages, and it is reasonable that not all of
these techniques share the same disad-
vantage. In other words, defects that exist in
one technique may not be present in the
other.

fNIRS in its biggest disadvantages
with a depth of no more than 3 cm inside
the skull and with time delay of 3-5 sec-
onds in detecting areas of brain activity
make it an incomplete method, but it has ad-
vantages that make it able to be a tool for
receiving or contributing with advantages
from and to other technologies to create a
technical combination [8; 9].

EEG technology in both its states, in-
vasive and non-invasive, based on direct
electrical brain activity has proven its pres-
ence in several fields. By using electrodes
located on the head surface (non-invasive)
is still very low for the exchange of infor-
mation between the brain and the machine.
Despite, it is characterized by very high
temporal and spatial accuracy, but in the
terminology of using EEG as a control in-
terface in prosthetics, its big drawback is
that it is highly sensitive to artifacts and this
is not at all suitable for using it individually
as a control interface for prosthetics [10].
For several decades, surface electromyog-
raphy (sSEMQ) signals- based on the record-
ing of muscle activity- are investigated as
an intuitive human-machine interfaceto
control prosthetic arms [11; 12]. The ab-
sence of muscles, the presence of muscular
dystrophy, or the remaining part of the mus-
cle is unable to produce muscle activity, all
this make sEMG when used individually
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out of the calculations of the formation of
an integrated control system.

Despite the numerous studies and sci-
entific experiments of EEG and sEMG to-
wards prosthetic applications, these two
technologies are absolutely unsuitable for
the formation of an integrated control sys-
tem, even if a combination of these two
technologies is formed. As for fNIRS, even
if it is proved to be unsuitable for prosthetic
applications, it will serve as a complemen-
tary tool for unifying neural interfaces to
form a promising integrated prosthetic con-
trol system.

Materials and methods

The research methodology (as shown
in Figure 2) was limited to the most com-
mon techniques that are the focus of mod-
ern studies within industrial limb applica-
tions and through which an integrated con-
trol system can be created. Despite the fact
that fNIRS is used in various studies and

research methodology considered relevant
research, articles and studies towards pros-
thetic limb scenarios.. The ultimate purpose
of this review is to examine the fit of the
fNERS neuroimaging technique with other
techniques toward the goal of the review. In
addition, this review compared the results
of studies involving these techniques in sin-
gle use and hybrid use. Based on well-
known databases, namely Scopus, Google
Scholar,
https://scholar.google.com/ and others. In

and various sites, such as
addition, various links are indicated at
https://www.mdpi.com/journal/sensors,
https://www.refseek.com, and others.
Finally, hundreds of relevant articles
were reviewed, many of those that did not
go to the essence of the topic were dis-
carded, and those that did not carry modern
ideas were deleted, after which followed the
recommendations of experienced people
and considered their comments in order to

strengthen the methodology and targeted

has a wide application in various fields, the analysis.
EEG EEG- and fNIRS
— Approach
fNIRS Integrated Prosthesis
control system = T
SEMG - SE]IG"ﬂHd f_\:IRS

Approach

Fig. 2. Research methodology based on an integrated control system for prostheses

Brain-computer-interface (BCI)

BCI or simply a neural interface. is one
of the most rapidly progressing topics in

various applications of science and

technology, including physics, neurosci-
ence, engineering etc. [13], which is closely
related to physics and this would require the

classification of neural activities in the
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brain to different states [14]. Historically
the first EEG-based BCI enable to generate
a control signal for functional electrical
stimulation was in 1999 [15]. In 2003 was
the combination of BCI and functional elec-
trical stimulation, and thanks to this combi-
nation, BCI was developed which can help
paralyzed patients, to control their para-
lyzed limbs, therefore that the patient was
able to take a cylindrical object, such as
glass with water [16].

BCl is a very promising option for con-
trolling neuroprostheses [14; 17]. Control
command based classification, in its active
state use changes in brain activity, which
are directly and consciously controlled by
the operator of the neural interface, regard-
less of external events, for control com-
mands. The advantages and disadvantages
of neuroimaging techniques appear to-
gether in one method and this in itself is a
challenge. One of the main challenges of
BCl systems is the control of prostheses by
the electrical activity of the brain, whether
using them individually or in a hybrid
method [18]. By 59 % of the BCI system
uses only one type of physiological signal,
mostly from EEG.

There is a hybrid BCI which takes ad-
vantages of different techniques [19] and
includes active (a complex external device
e.g a prostheses- is controlled by a series of
functional components of the control sys-
tem) and passive (for monitoring the brain
activity provide important information
about operator’s mental condition e.g, emo-
tional state- when the command classifica-

tion algorithm of the active BCI is

dynamically adjusted depending on the
state of the operator diagnosed by the pas-
sive BCI. The most important thing that
concerns all researchers in the field of pros-
thetics is to find artificial systems similar to
natural limbs.

The development of active prostheses -
with external strength and mobility pro-
vided by actuators, offering high perfor-
mance and functionality, is at the expense
of complexity [20]. A growing field and a
high goal of scientific research, which is fo-
cused on the design of new and powerful
control systems and methods of interaction
between prostheses and human intention (
physical and imaginary implementation )
that means the need to unify the neural in-
terfaces to form a promising system in pros-
thetics.

EEG and fNIRS approach

EEG in both its states is an invasive
and non-invasive method used to record
brain signals. In its invasive state using im-
planted electrodes inside the brain such as
electrocorticography or intracranial (iIEEG)
has high spatial and temporal resolution,
wide bandwidth, high amplitude and small
sensitivity to artifacts [21], allows efficient
decoding of small brain signals, in particu-
lar those related to motor skills [22]. In ex-
change for these advantages, its disad-
vantages do not allow its use, because the
implantation of electrodes inside the brain
may cause brain infection, as well as the
cells adjacent to those electrodes may die,
and the connective tissue dies, necessitating
the replacement of those electrodes contin-
uously. Experiments of EEG interfaces,
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successfully conducted on monkeys [23;
24], but for humans, the EEG method of
controlling bionic prostheses from both hy-
gienic and ethical aspects is also not used.
The combination of EEG-fNIRS car-
ries a clear signal and is a promising ap-
proach because of its low cost, portability
flexibility, low interference, and good spa-
tial and temporal resolution [9; 10]. In
terms of signal recording, combining EEG
and fNIRS provides additional information
about the bioelectric activity of the brain. In
addition, the combination of fNIRS and
EEG has certain unique characteristics, as
the rationale behind their combination is
their dependence on a physiological phe-
nomenon called neurovascular coupling
[25] within the brain, which makes them
more useful in certain applications. At pre-
sent, there are numerous studies active in
the study of the combination of these tech-
niques, particularly for prosthetic control
purposes. This greatly encourages the crea-
tion of a system that may be the most prom-
ising for controlling prosthetics [26; 27].
EEG based on non-invasive method
has also high temporal and spatial resolu-
tion, however, the rate of information trans-
fer between the brain and EEG in its non-
invasive state is still very low, in addition,
what is remarkable about EEG is its high
sensitivity to artifacts. It is clear that the
control of prostheses requires high accuracy
in advance to transmit information from the
brain to the control device and, as such,
EEG is also unsuitable for prosthetic appli-
cations, if used individually. EEG has not
been individually suitable for prosthetic

applications, but recent scientific studies
have proven its existence as a very suitable
hybrid system with the fNIRS technique.
For example, the classification accuracy of
the EEG, fNIRS based BCI system individ-
ually is (85.64 + 7.4%), (85.55 + 10.72%)
respectively while the hybrid EEG-fNIRS
based BCI had to achieve higher classifica-
tion accuracy (91.02 + 4.08%) and effi-
ciency by integrating their complementary

characteristics [28].

SsEMG and fNIRS approach
Electromyography (EMGQG) is another

promising platform for controlling neural
prostheses using muscle electrical activity
[29] and for neurorehabilitation [30]. Sur-
face electromyography measures the elec-
trical signal generated by the skeletal mus-
cles on the surface of the skin. The absence
of muscle or the presence of muscular atro-
phy renders this technique completely inap-
propriate forcreating a prosthetic system
[31]. Recent studies have demonstrated
positive correlations between EMG signals
and fNIRS. These correlations may provide
evidence that a combination of these two
techniques can be used to further explore
the mapping relationship between brain ac-
tivity and motor task execution and could
be directed toward clinical studies [32; 33].
Although it is commonly used in modern
experimental studies. However, it is impos-
sible to form a unified neural interface sys-
tem to control prosthetics.

Results and their discussion

Despite the shortcomings inherent in
fNIRS technique, scientific research has not
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stopped its function as a tool for controlling
prostheses, and studies are continuing to the
present . In a study related to the topic of
the article, in the photograph (Figure 3) is a
doctor of computer science named Salah

from Iraq where he is conducting an exper-
iment to research and develop a control sys-
tem for prostheses using NIRS, the results
of the experiment will be announced in the

near future.

|

Fig. 3. Shows a photograph of one of the study participants performing experimental tasks
in the field of prosthetics in a laboratory of the Belgorod State National Research University

There are recent studies that have even
included the challenges facing this method,
for example rethinking the delay hemody-
namic responses [34]. Even if future studies
prove that the fNIRS technology is not suit-
able for creating an integrated control sys-
tem for prostheses, it is really suitable for
unifying neural interfaces, forming a com-
bination of an integrated system (hardware
software), and this is documented by the re-
sults of recent experimental studies, for ex-
ample fNIRS with EEG [35; 36] and fNIRS
with EMG [32; 37]. And all this falls on the
shoulders of future studies for the purpose
of unifying neural interfaces or finding a
control system either from the aforemen-
tioned techniques, or it may be from other
techniques, although the techniques men-

tioned in the review are commonly used.

Conclusions

Neural interfaces have succeeded in
controlling prostheses in their individual
cases in some places while failing in others.
There are successful examples, and multi-
ple researches prove the great superiority of
a combination of neural interfaces for inter-
ested studies in electronic prosthetics or re-
habilitation applications, for example, the
combinations of fNIRS with EEG and
fNIRS with sEMG. In brief, summarize the
following:

1) fNIRS is still in the circle of study
and experimentation, therefore it is not
true in the current time to say that it is not
suitable for controlling prosthetic limbs.

2) fNIRS and EEG are non-invasive
methods can form a hybrid system that may
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be a candidate system to be the most prom- 4) There are no scientific studies indi-
ising technology for controlling prosthetic catingany superiority between 2 and 3.
limbs. 5) 1, 2 and 3 will remain important for

3) fNIRS can form a hybrid system future studies and research for the purpose
with sSEMG which may also be a candidate of unifying neural interfaces in order to
system to be the most promising technology create an integrated control system for pros-
for controlling prosthetics. theses.
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