
Приборостроение, метрология и информационно-измерительные приборы и системы                   23 
 

 
 Samandari A. M., Afonin A. N., 2024 

УДК 617.57.77   
DOI: 10.22213/2410-9304-2024-3-23-30 

 
Hybrid bionic control system for prostheses: a review  

 
A. M. Samandari, Postgraduate Student, Belgorod State National Research University, Belgorod, the Russian Federation 
A. N. Afonin, Doctor of Technical Sciences, Professor, Professor of the Department of Information and Robotic Systems,  

Belgorod State National Research University, Belgorod, the Russian Federation 
 

The legs and hands are the most susceptible to loss and this is due to the fact that they are prominent external organs in the hu-
man body. With increasing disasters, accidents, wars and diseases the loss of limbs is increasing, making the individual restricted 
in freedom and movement and pursuing to find alternatives to improve the individual's life is extremely important. Modern bionic 
prostheses are the best alternatives to replace amputated ones to perform both aesthetic and functional tasks. On this basis and by 
analyzing the most common and used methods in prosthetics management as the electroencephalography (EEG), electromyography 
(EMG), and functional near- infrared spectroscopy (fNIRS) methods, knowing their advantages and disadvantages, comparing 
them and documenting their results from the outputs of literature and previous experimental studies, whether in individual use or 
hybrid use.In the light of these data, this article highlights the most common technologies and considers their superiority and insu-
periority, which can be suitable for the formation of a hybrid bionic control system for prostheses or rehabilitation and restoration 
of lost functions. Based on the most important studies that have dealt with these technologies whereas individually or in their hybr-
id state. In addition, this article provides an encouraging outlook for those interested in scientific research to research, compare, 
identify and characterise superior hybrid systems related to exoskeletal control systems and in particular prostheses. 

 
Keywords: hybrid bionic control system (HBCS), hybrid brain-computer interface systems  HBCI, neural interfaces, electroen-
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Introduction  
Natural disasters such as earthquakes and other, hu-

man disasters such as wars and other, road traffic acci-
dents, diseases and others leave behind a lot of disabili-
ties in various parts of the body. The physiology of the 
human body is a very complex, however at the same 
time an ideal and highly organized structural system 
consisting of dying and regenerating cells that have le-
thargy but activate that cells work together to perform 
functions necessary to maintain life. Science has not 
stood still in the face of these problems, it has touched 
all the problems that destroy human life to prevent them 
from occurring or to monitor and diagnose them and 
then develop appropriate treatment for them. In fact, it is 
not possible to count human health problems in one 
study, so this article seeks to focus on the external prob-
lems facing humans, especially the external limbs. 

The loss of an external limb takes away the beauty of 
the body's structure, therefore the amputated part must 
be replaced in order to give the body its strength and 
beauty. In line with this, prostheses were previously used 
for decorative and cosmetic purposes, and this is docu-
mented by the ancient history in Egypt, where a large 
artificial toe worn by an Egyptian woman was found 
made of wood, and that was three thousand years ago 
[1]. The huge revolution of technological progress that 
cast a technical shadow, and entered the prosthetic com-
munity in its quest to find an alternative system for am-
putated limbs to improve the lives of amputees. 

Modern bionic prostheses have controllable actuators 
for performing motor tasks. Therefore, a prosthesis can be 
given another definition as a controllable device that replac-
es the amputated limb to contribute to the functionality and 
aesthetic structure that the natural limb had. The history of 
the development of the first neural interfaces was in 1973-
1977 by a research group and has been documented in the 

scientific literature [2, 3]. Neural interfaces control the de-
vices of artificial limbs and neural interfaces can be defined 
as a complex of hardware and software for the connection 
or functional interaction between a biological object (hu-
man or animal) and an external machine, that is, for direct 
communication of computing or other digital intelligent 
control systems with the brain and the most famous and 
most commonly used neural interfaces are brain-computer 
interfaces. 

It can also be noted that neural interfaces can be clas-
sified depending on the nature of the work, while recent 
studies have proven the possibility of forming another 
system of neural interfaces called hybrid brain-computer 
interface systems, which abbreviated as HBCIs. The 
function of neural interfaces depends fundamentally:  
 Based on the real-time detection of characteristic 

wave patterns of brain activity carried out using neuroi-
maging methods, the most common of which are elec-
troencephalography (EEG), functional magnetic reson-
ance imaging (fMRI), functional near-infrared spectros-
copy (fNIRS), etc. 
 Based on the transformation of the information ob-

tained into control commands for devices such as a 
wheelchair, prosthesis or any exoskeleton, etc. 

HBCIs are not limited to single data processing, but 
are based on hybrid double and triple data processing 
[4], [5–7]. Neuroimaging methods can be based on BCI 
or hybrid neural interfaces. Currently, the most promi-
nent and popular methods for controlling neuroprosthes-
es neuro-rehabilitation are EEG [8, 9], fNIRS [10, 11] 
and electromyography (EMG) [12, 13]. 

It is known and as documented by recent experimental 
studies, the most common methods are (EEG, fNIRS and 
EMG), which are of great interest in the fields of prosthet-
ics. It can be noted that these methods (when used indepen-
dently) cannot form an integrated system and this is due to 
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It is noteworthy that the composition of the hybrid 
system is not limited to the work of prosthetics only, but 
extends to multiple areas for example, the hybrid system 
consisting of EMG and NIRS is used to monitor muscle 
fatigue [40]. The superiority and insuperiority of the 
technologies supporting the creation of a hybrid bionic 
control system are listed in Table 1. 
Table 1. Superiority and insuperiority of EEG, EMG  
and fNIRS technologies respectively 
Таблица 1. Превосходство и непревосходство  
технологий ЭЭГ, ЭМГ и fNIRS соответственно 

Positives Minuses 

EEG 

  Low cost.  
  Portable, non-invasive 
and easy to use. 
  Can provide high tem-
poral resolution of brain 
activity. 

  Low spatial resolution 
due to wide distribution of 
electrodes on the scalp; 
  Susceptible to artifacts 
related to eye movements, 
muscle contractions, etc., 
which in some cases may 
make data interpretation 
difficult or impossible;  

EMG 

 Extremely high temporal 
resolution as well as excel-
lent source localisation ca-
pabilities. 
 

 Requires expensive 
equipment to set up and 
operate. 
 Requires highly trained 
personnel for proper cali-
bration and signal 
processing. 
 Susceptible to environ-
mental interference, such 
as electromagnetic fields 
generated by nearby elec-
tronics, which can distort 
readings if not properly 
shielded from these sources 
before taking measure-
ments. 

fNIRS 

 Portable and low cost 
compared to other IMC 
technologies.  
 Highly sensitive and ca-
pable of detecting changes 
in oxygenated blood levels 
at different depths of brain 
tissue with good accuracy 
when properly calibrated. 
 

 Lower temporal resolu-
tion than that of EEG or 
MEG systems, due to their 
dependence on hemody-
namic reactions, rather than 
on electrical signals direct-
ly from neurons. 
 Not suitable for measur-
ing deep brain structures, 
since it is based on the 
transmission of light 
through the bones of the 
skull, which may be hin-
dered by thicker skulls or 
dense bone structures such 
as those of the elderly or 
children under the age of 5, 
respectively. 

The experimental results of previous studies of both 
modes are shown in Table 2. 
Table 2. Comparison of classification accuracy results  
for qualified systems (independent and hybrid mode)  
Таблица 2. Сравнение результатов точности 
классификации для квалифицированных систем 
(независимый  
и гибридный режим)  

Reference 
and year 

 of publica-
tion 

Independent  
or hybrid  

mode 
Method 

Accuracy or 
the average 

value  
of accuracy 

[41], 2021 EEG Cross-cutting shal-
low architecture 83.20% 

[42], 2022 EEG+fNIRS Vector-phase anal-
ysis 82.%,89,87,86 

[43], 2022 EEG Multiple built-in 
transfer training. 83.14% 

[44], 2022 EEG+fNIRS 
fNIRS-guided 

attention network 
(FGANet). 

78.59% ± 8.86 

[45], 2021 fNIRS 
NN_LSTM, 

NN_ConvLST, 
NN_ResNet 

91% 

[46], 2023 EEG+fNIRS 
FBCSP+PCA+SV

M, 
GLM+MBLL. 

92.25.% ± 4.99 

[47], 2020 fNIRS K Nearest Neigh-
bors (KNN) above 90% 

[48], 2017 EMG+fNIRS SVM, LDA 86.4% 

[48], 2017 EMG SVM,LDA 72.2% 

[49], 2021 sEMG+fNIRS LDA 96.4.% and 
94.1.% 

[50], 2023 sEMG CNN-LSTM 70%:30% 

[51], 2020 sEMG+fNIRS LDA 78 - 81 % 

 
It is noted in Table 2, that the accuracy value ob-

tained by different methods, but we point to the evidence 
of the superiority of the hybrid bionic control system. 
For example, using SVM, LDA method, the accuracy 
value obtained for the hybrid system is 86.4%, and in the 
same method, the accuracy value obtained for the system 
individually is 72.2%. 

Discussion and results 
An analysis of the scientific literature has shown that 

all known and qualified methods for creating a hybrid 
control system have fundamentally irreparable disadvan-
tages and today have significant limitations in their use 
for controlling electronic prostheses when used with 
independent immobilization. In this regard, the most 
promising in the near future seems to be the use of em-
bedded control systems using neural interfaces based on 
various physical principles. In these neural interfaces, the 
disadvantages of one method are compensated by the 
advantages of another. An example of such a combina-
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tion is the combination of fNIRS with EEG [44], and 
fNIRS with EMG [49]. With this combination, the neural 
interface is provided with a high response speed, with 
high accuracy of recognition of mental commands. 

There are successful examples of using such built-in 
neural interfaces to control both electronic prostheses 
[46, 48]. As a result and according to what has been 
proven and documented by experimental scientific stu-
dies that have confirmed that the non-invasive hybrid 
system is the superior system over its component sys-
tems. Qualified methods are characterised by the fact 
that they are non-invasive, do not pose a risk to the lives 
of healthy people or patients and can be applied safely 
that makes them very useful in the field of prosthetics. 
Unlike invasive neural interfaces, their use poses a risk 
to people's lives.  

Conclusion 
Precise control of prostheses is one of the biggest 

problems that currently exist in scientific fields. It is ex-
tremely difficult to measure brain activity and convert it 
into commands for controlling machines and devices 
using only thoughts. However, modern technologies 
such as EEG, EMG and fNIRS techniques have inde-
pendently penetrated into this field and have achieved 
some success. Each of these methods has its own charac-
teristics and disadvantages, which led to their insuffi-
cient effectiveness for controlling prosthetics. A hybrid 
bionic control system based on these technologies can be 
created as a solution to achieve higher efficiency of pros-
thetic control. In order to determine the task of creating a 
neural network and train it to evaluate the application of 
fNIRS in signal recognition, there are several types of 
neural networks. For example, long short-term memo-
ry (LSTM), this is due to the fact that such a model al-
lows you to track the direction of changes in a time se-
ries due to the presence of short-term long-term memory, 
but the essential thing remains to increase the accuracy 
and adequacy of the neural network model is to collect a 
larger data set. 

It should be noted that future developments in the 
creation of a hybrid artificial control system may not be 
limited to fNIRS technique with one of the EEG and 
EMG techniques. However, it may extend to other tech-
niques without fNIRS, but we are likely that fNIRS is 
the most appropriate wiht the methods of EEG and 
EMG. fNIRS has proven relatively successful in the 
management of prostheses at the same time, fNIRS tech-
nology is most convenient in combination with EEG and 
EMG that is confirmed by several recent studies. In the 
future, this will serve as an incentive to search for these 
methods independently of each other or in a hybrid form 
since they are the closest and most convenient to elimi-
nate the shortcomings of each other, which will lead to 
the creation of a successful hybrid bionic control system 
for prostheses or rehabilitation and restoration of lost 
functions. 
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Ноги и руки наиболее подвержены потере, и это связано с тем, что они являются выдающимися внешними органами 

человеческого тела. В связи с участившимися катастрофами, авариями, войнами и болезнями потеря конечностей ста-
новится все более частой, что делает человека ограниченным в свободе и передвижении. Таким образом, поиск альтер-
натив для улучшения жизни человека чрезвычайно важен. Современные бионические протезы являются лучшей альтер-
нативой ампутированным протезам для выполнения эстетических и функциональных задач. Исходя из этого и анализи-
руя наиболее распространенные и используемые методы протезирования, такие как электроэнцефалография (ЭЭГ), 
электромиография (ЭМГ) и функциональная спектроскопия ближнего инфракрасного диапазона (fNIRS), зная их преиму-
щества и недостатки, сравнивая их и документируя их результаты с результатами литературы и предыдущих экспери-
ментальных исследований как при индивидуальном, так и при гибридном использовании. 

В свете этих данных в данной статье выделяются наиболее распространенные технологии и рассматриваются их 
преимущества и непреодолимая сила, которые могут быть пригодны для формирования гибридной бионической системы 
управления протезами или реабилитации и восстановления утраченных функций. Основано на наиболее важных исследо-
ваниях, которые касались этих технологий как по отдельности так и в их гибридном виде. Кроме того, эта статья дает 
обнадеживающие перспективы тем кто интересуется научными исследованиями для изучения, сравнения, идентифика-
ции и характеристики превосходных гибридных систем, связанных с системами управления экзоскелетом и, в частности, 
протезами. 
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