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Abstract. The article analyzes the state of the problem of creating highly functional bionic prostheses and
the relevance of creating an adaptive control system for such prostheses based on the results of biosignal
processing is shown. The advantages and disadvantages of the method of direct signals registration from the motor
departments of the human cerebral cortex, the use of specialized so-called nerve cuffs to receive signals directly
from peripheral nerve fibers, as well as implanted electrodes and registration of surface electromyographic
signals (sEMG) were considered. Taking into account the non-invasiveness, safety and simplicity of technical
implementation, the sEMG registration method was used as the basis for the work of the designed system.
However, to increase the informativeness of the source material and the possibility of isolating a greater number
of informative signs of individual phantom movements, it is proposed to use a multi-electrode system, and to ensure
the adaptability of the prosthesis, it is proposed to implement sensory feedback in the proposed control system
structure. For this purpose, it is proposed to use signals from tactile sensors, which will be placed at the prosthesis
fingers ends. The structure of the control system is proposed, which includes two related data exchange channels
and four main elements: a multielectrode system with SEMG sensors; a stump-receiving sleeve with actuators; a
smartphone or PC with appropriate software; a bionic prosthesis with a processor module, motor drivers and a
module for registering tactile sensors signals. It is proposed to implement the main structural elements, such as
the multielectrode system, the stump-receiving sleeve and the bionic prosthesis itself, as separate independent
elements that are interconnected via separate wireless data exchange channels. The elements of the multielectrode
system for recording sSEMG and sensory feedback signals were developed.
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1. INTRODUCTION

Among all amputations in the world, about a quarter of people undergo amputation of
the upper limbs. The number of people with this type of amputation is growing especially
rapidly in Ukraine, during the war. Amputation of the hand seriously impairs people's daily
activities, in particular due to the loss of mobility and sensory perception. At the same time,
there is an increase in demand for highly functional upper limb prostheses. Classic prostheses
with drives from the body, which are moved by traction systems, despite their relative
availability, have very limited functional capabilities, in particular regarding the number of
movements performed, dexterity, compensation for lost fine motor skills of both the entire hand
and individual fingers, the ability to sense external objects, etc. [1].

A promising alternative is the use of bionic prostheses, which are a complex
biomechatronic system - a combination of the prosthesis mechanical design with electric drives
and a system for registering and processing biosignals with the subsequent formation of
corresponding electric drives control signals [2, 3]. At the same time, developers use different
approaches to implementing the prosthesis mechanical design, biosignals registering methods,
types of biosignals (based on which the prosthesis is controlled), methods of processing these
biosignals and forming signals to control the prosthesis electric drives. As a result, various types
of bionic prostheses available on the market of technical rehabilitation equipment differ in
functionality, cost, duration of patient adaptation, etc.
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Particularly difficult in terms of subsequent technical implementation is the task of creating
an effective control system for a bionic prosthesis with maximum approximation to the functionality
of a natural human hand. In this case, it is necessary to use specialized systems for registering
biosignals, processing them and forming the prosthesis controlling signals. Here, developers use a
number of approaches to organizing the corresponding control systems. The most promising
approach is considered to be the one in which signals from the motor areas of the human cerebral
cortex are directly registered, since these signals will contain information about the patient's
intentions to perform the corresponding movements with the hand (up to the elements of fine motor
skills) [4]. However, the main limitation of this approach is the invasiveness of the procedure for
obtaining such biosignals, which makes this approach inaccessible to most amputees. This approach
is also the most difficult in terms of subsequent biosignals processing, highlighting informative
signs of movements in their structure and forming signals for controlling the prosthesis. This is due
in particular to the fact that the registered signals will be a complex mixture of electropotential
responses of the work of billions of neuronal structures of the cerebral cortex, and not only those
responsible for performing hand movements. At the same time, methods for processing these
signals should give an unambiguous and repeatable result with minimal time delays. Research in
this direction is ongoing.

The next in terms of informativeness is the use of specialized so-called nerve
cuffs to receive signals directly from peripheral nerve fibers, as well as implanted
electrodes (IMES) (Fig. 1-3) [2, 5].

EMG
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Figure 1. Nerve cuff electrode [2] Figure 2. Example of IMES implantation in the arm of
a person with an upper limb amputee [2]
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Figure 3. Illustration of the implementation of a bionic prosthesis with IMES [2]

However, the use of such cuffs and IMES also involves surgical interventions, despite
the fact that the subsequent processing of the received signals will be simpler, since the
information about the phantom movements performed by the patient will be better localized
and more pronounced.
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Particularly promising (taking into account non-invasiveness and safety) and widespread is
the approach based on the use of the surface electromyography (SEMG) method [6-9]. In this case,
indirectly, using sSEMG electrodes, muscle activity signals are recorded from the skin surface of the
arm area remaining after amputation. Most of the available bionic prostheses work on this principle.
However, the main difficulty here is to obtain information about fine motor skills when the patient
performs phantom movements, since the signals recorded in this way will be the summed responses
of those real nerve signals that will flow in anatomically lower nerve fibers.

Also, in all the described approaches there is no so-called sensory feedback, which
would provide the prosthesis user with the opportunity to control the moments of touching
various objects, the force of prosthesis gripping, control of holding these objects, etc. (in the
natural hand this function is performed by groups of receptors, in particular mechanoreceptors).

The actual purpose of the research is to develop the structure of the bionic prosthesis
control system based on the registration of a group of SEMG signals and the implementation of
sensory feedback.

2. ANALYSIS OF KNOWN TECHNICAL SOLUTIONS

2.1. Methods and means of semg signals recording

In commercially available bionic prostheses, iEMG signals are most often used as an
input signali.

Fig. 4 shows the Bebionic stump-receiving sleeve and the 13E200=50/13E200=60

myoelectrodes installed in it [10]. As shown in the schematic image of Fig. 5, two myoelectrodes
are used; they send the registered signals via cables to the microprocessors integrated in the prosthesis.
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Figure 4. Myoelectrodes (MyoBock) from Ottobock installed in the prosthesis sleeve [10]
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Figure 5. Connection diagram of two myo-electrodes installed in the prosthesis [10]
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For better differentiation of fine motor signs in the structure of SEMG signals and,
accordingly, the formation of a larger number of bionic prosthesis control signals and,
ultimately, increasing its functionality, it is possible to use multi-electrode systems for
recording SEMG signals. Thus, the Ottobock company offers a system for recognizing SEMG
signal patterns - Myo Plus (Fig. 6) [11]. The system includes a special cuff with electrodes for
the actual recording of EMG and a software application that can be installed on a smartphone,
tablet or laptop. The latter is designed to process EMG, select signal patterns that correspond
to individual movements and adapt these patterns to control bebionic prostheses.

Figure 6. Myo Plus complex [11]

Another example of a multi-electrode SEMG recording system is the Myo Armband [10].

Figure 7. Myo Armband [10]
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Figure 8. Myo Armband structure (a) and one electrode structure (b) [10]
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This is a wearable device from Thalmic Labs Inc., equipped with eight EMG electrodes,
a 9-axis inertial measurement unit (IMU) (3-axis gyroscope, 3-axis accelerometer and 3-axis
magnetometer) and a transmission module [10].

However, existing commercialized cuffs or bracelets with a larger number of EMG
electrodes, such as Myo Armband and Myo Plus, have a number of disadvantages. In particular,
the first bracelet is quite expensive with a large number of additional functions, including for
analyzing the position of the hand in space. These are not portable functions for prosthesis
controlling, which significantly increase the cost of the bracelet, reduce the life of the internal
batteries and require additional hardware and software for docking with the prosthesis itself.
The Myo Plus cuff is bulky and inconvenient for constant use. The main disadvantage of both
systems is the electrodes design, which have the form of metal plates with a special coating.
Such plates will not adhere well to the skin surface, especially when there is a lot of hair on the
arm. Such plates will also be sensitive to perspiration, salts on the skin surface, or
contamination. There will also be a significant level of artifacts from hand movements and
minor displacements of the electrode plates on the skin surface.

2.2. Sensory feedback implementing approaches

Regarding the task of implementing sensory feedback, it is proposed to use sensors that will
be placed inside the fingertips and will perceive dynamic loads when in contact with objects during
their capture by the prosthesis. It is the dynamic load sensors that will make it possible to feel the
touch of objects by generating the corresponding signals and will not create signals during the
process of holding these objects. This will be useful in that the constant generation of signals during
the objects holding by the prosthesis will be redundant, and will be important only the determination
of the time moment of touching the object with the possibility of subsequent adjustment of the force
of capture or holding these objects according to the prosthesis user SEMG signals.

At this stage, individual sensor designs were analyzed that were implemented in
prostheses experimental prototypes with tactile sensations. In particular, the designs of strain-
resistive, optical, capacitive and piezosensors were considered (Fig. 9). It is the latter type of
sensors that are dynamic load sensors, and its advantage is that its output signal will be the
change in charge on its surface proportional to the change in load on this surface. No additional
nodes or signal type conversion circuits are required here (as, for example, in the case of
capacitive sensors, when resonant circuits are required to convert the change in capacitance into
a change in an electrical signal). It is enough to install charge amplifiers.

$Prmnﬂ:\'n
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Figure 9. Designs of strain-resistive (a) [12], capacitive (b) [13] and optical (c) [14] sensors
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The next stage involved the development of the control system structure for a bionic
hand prosthesis with sensory feedback and the practical implementation of its individual
components.

3. RESEARCH RESULTS

This article presents the results that are a continuation of the research
presented in [15]. In this work, a concept for developing a bionic prosthesis structure
was proposed. In particular, it was proposed to organize two independent and
oppositely directed data exchange channels and cloud technologies (Fig. 10). Thus,
channel 1 is intended for transmitting registered signals from sEMG sensors (located
in the stump-receiving sleeve) to a smartphone or PC, where these signals will be
processed, and subsequent transmission of the generated control signals to the
corresponding drivers of the bionic prosthesis. Return channel 2 is intended for
receiving signals from bionic prosthesis tactile sensors, transmitting them to a
smartphone or PC, where they will be processed, with subsequent transmission
of the signals obtained as a result of processing to actuators located in the stump-receiving
sleeve.

/ \ / Electric dri \
EMG sensors computing channel 1 :> ofebci;]]fic ;lll"cl)isthesis
Stump receiving sleeve SECE LR
P g computer/smartphone Bionic prosthesis
software
Actuators computing channel 2 <: Tactile sensors

Figure 10. Signal routing structure proposed in [15]

The authors assumed that these two channels would be independent of each
other, i.e. the first channel would be intended only for controlling the prosthesis
using sEMG, and the second would only provide tactile sensations for the patient.
However, there are possible situations when, during the process of object grasping
with a prosthesis, the patient will experience other, stronger sensations (for example,
pain from squeezing a finger of a healthy hand) and the brain will perceive them
first, ignoring the operation of the prosthesis actuators when touching the grasping
object. In this case, the patient will not be able to control the process of grasping the
object with the prosthesis. Therefore, the structure (Fig. 10) was changed and made
adaptive.

The structure of the proposed adaptive control system for a bionic prosthesis is
shown in Fig. 11.
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Figure 11. Structure of the proposed adaptive control system for a bionic prosthesis

According to Fig. 11, the proposed structure provides for the use of signals
from tactile sensors to control the actual operation of the prosthesis. Thus, sensory
feedback for the control system was implemented. The signal from tactile sensors is used
to correct the control signals of the prosthesis' electric drives. In a situation where the
patient tries to grasp an object with the prosthesis, the control system based on SEMG
signals generates signals to control the prosthesis' electric drives and the prosthesis begins
to grasp this object. At the same time, the system constantly evaluates the level of signals
from tactile sensors. At the moment of touching the object, a signal from tactile sensors
will appear and the system will re-evaluate the SEMG signals. If these signals continue to
be generated by the patient, the process of grasping the object will continue. Otherwise,
no. Thus, sensory feedback will not only provide tactile sensations for the patient, but
also correct the operation of the prosthesis itself, regardless of the patient. The structure
of the system shown in Fig. 10, will include two independent data exchange channels and
three main elements: a stump-receiving sleeve with EMG sensors and actuators; a
smartphone or PC with appropriate software; a bionic prosthesis with electric drives and
tactile sensors. The proposed system will already include two connected data exchange
channels and four main elements: a multi-electrode system with SEMG sensors; a stump-
receiving sleeve with actuators; a smartphone or PC with appropriate software; a bionic

prosthesis with a processor module, motor drivers and tactile sensors signals registering
module.

4. PRACTICAL IMPLEMENTATION OF INDIVIDUAL ELEMENTS OF THE
PROPOSED BIONIC PROSTHESIS CONTROL SYSTEM

At this stage of the research, the elements of the multielectrode system for recording
sEMG and sensory feedback signals were developed. The Myo Armband structure was used as
the basis for the design of the multielectrode system. At the same time, the dimensions of the
electrode housings were reduced and their number was increased to 10. Also, unlike plate
contact plates, sensitive contact elements with an uneven surface shape were used. This
approach was described in detail in [16]. An example of the design of such a sensitive contact
element is shown in Fig. 12.

ISSN 2522-4433. Bicnux THTY, Ne 3 (119), 2025 https://doi.org/10.33108/visnyk tntu2025.03 ........c..cocoeovveeveeceniacineeaann. 51



Structure of the bionic hand prosthesis control system with sensor feedback

Figure 12. Design of the proposed sensitive contact element

The entire sensitive element is proposed to be made solid from ABS filament, which
has a high resistivity and will not affect the quality of the registered signals, and its actual
manufacture is possible by 3D printing. Next, the contact element itself is metallized, but
sectionally, in order to obtain three sensitive conductive zones on one dielectric base of ABS
plastic - the two extreme ones will be grounded, the middle one will be signal. This will simplify
the process of manufacturing each of the 10 electrodes.

Each such sensitive element is placed in the electrode housing, which is hollow
and inside which additional nodes of the entire multi-electrode system are placed. In
particular, it becomes possible to distribute such elements as buffer amplifiers, amplifiers
themselves, a signal pre-coding unit, ADC, batteries and a wireless interface module across
all 10 electrodes.

All 10 electrodes are interconnected mechanically using special elements with a
shape similar to the shape of the same elements in the Myo Armband. These elements are
also made by 3D printing from TPU80 filament. When applied, these elements will stretch
and contract on the patient's hand under the action of the elastic properties of the filament
itself. The shape of these elements will ensure a uniform distribution of electrodes radially
on the patient's hand.

Fig. 13 shows the appearance of the manufactured structure (a) with a sensitive contact
element (without metallization) installed in the body of one electrode (b) and the structure
applied to the hand (c)

a) b) ¢)

Figure 13. View of the manufactured structure (a) with a sensitive contact element installed in the body of
one electrode (b) and the structure placed on the hand (c)

Regarding sensory feedback, the Kinetic Hand prosthesis was used as a prototype, with
elastic inserts installed in the fingertips, inside of which piezo transducers were placed. Low-
frequency piezo emitters were used as the latter, and the signal was recorded through the
microphone input of the laptop. Fig. 14 shows the appearance of such a design and the actual
process of recording tactile signals.
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a) b)

Figure 14. Design of the insert with a piezosensor and the process of recording tactile signals

The approach used based on piezosensors provides signal generation at the moments of
contact with the prosthesis insert, and this signal can be used to automate the process of gripping
and holding objects with the prosthesis.

Regarding the prospects of further research, it should be indicated that research will be
conducted on the stability of the prosthesis, in accordance with the articles [17,18].

5. CONCLUSIONS

The structure of the bionic prosthesis control system, that proposed in the research,
differs from similar systems available on the bionic prosthesis market in that it uses a multi-
electrode system for recording SEMG signals and provides for the organization of sensory
feedback to automate the process of capturing objects. The proposed structure also provides for
the formation of tactile feedback, which is used to ensure the patient feels objects and to form
signals to control the bionic prosthesis electric drives. The main structural elements, such as the
multi-electrode system, the stump-receiving sleeve and the bionic prosthesis itself, are separate
independent elements that are interconnected via separate wireless data exchange channels. At
the same time, the design of the Myo Armband multi-electrode system was improved, and
piezoelectric transducers were used to implement sensory feedback.
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CTPYKTYPA CUCTEMU KEPYBAHHA BIOHIYHUM ITPOTE30M
KHUCTI PYKH 3 CEHCOPHUM 3BOPOTHHUM 3B’A3KOM
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Tepuoninvcorkuu HayioHarbHuu mexHiuHuu yHisepcumem imeri leana Ilynos,
Tepnonines, Yxpaina

Pestome. Ilposedeno ananis cmany npooiemu cmeopents UCOKOQYHKYIOHANbHUX DIOHIYHUX NpOome3is
ma NOKA3aHO AaKMYdlbHiCMb CMEOPeHHsl aOAnmueHOi Ccucmemu Kepy8auHs MAKUMU npomesamu 3d
pesyrbmamamu. Onpayloeanis oiocucnanie. Posenanymo nepeeacu ma HeOONKU Memooy npsamoi peccmpayii
CUSHANIB 3 MOMOPHUX Gi00iN8 KOPU 20]106HO20 MO3KY JHOOUHU, 3ACMOCYBAHHA CNEeYidni308aHUX MakK 36aAHUX
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HEPBOBUX MAHICEm 0151 OMPUMAHHS CUSHATIE 0e3n0cepedHbo IO nepu@epiliHux Hep8osux GOJOKOH, d MAKONC
IMIIGHMOBAHUX eNleKMPOoOi8 ma peecmpayii noeepxnesux enekmpomioepagivnux cuenanie (nEMT). Bpaxosyrouu
HeIHBA3UBHICMb, Oe3NeyHiCmb ma NPOCMomy MexXHIUHOIL peanizayii ¢ 0CHO8I pobomuU NPOEKMOBAHOI CUCMeMU
suxopucmaro memoo peecmpayii came nEMI". O0nax 05 nidguujents iHpopmamusHoCmi 8UXiOHO20 Mamepiay
ma ModHCIUBOCMI BUOLIeHHS Oibwiol  KIMbKOCMI  IHQOPMAMUBHUX O3HAK OKPeMUX (QaHMOMHUX pPYXIG
3aNPONOHOBAHO GUKOPUCIAMU MYIbMUETEKMPOOHY CUCIEMY, d Makoxc Ol 3abe3nedeHHs aoanmueHocmi
pobomu npomesa 3anpONOHOBAHO 6 PO3POONEHIU CMPYKMYPI CUCMEMU KepYSaHHs pedanizyeamu CeHCOPHUlL
360pomHuull  36’5130K. J[g Ybo2o 3aNPONOHOBAHO BUKOPUCTIAINU CUSHATU 3 MAKMULLHUX CEHCOpIB, SKi
Po3MiuysamumMymscs Ha KiHYAX Nanvyie npomesd. 3anponoHO8AHO CMPYKMYPY CUCHEMU KepYSaHHs, sKd
sKmo4ae 8 cebe 06a nOG’s3ami KAHAuU OOMIHY OAHUMU A YOMUPU OCHOBHI eNeMEHMU: MYTbMUeNeKMPOOHY
cucmemy i3 nEMI” cencopamu; xkykconputimaiouy 2inw3y i3 akmyamopamu, cmapmepon yu IIK i3 8i0nogionum
npozpamHum 3abe3neyenHsm,; OIOHIYHUL NPome3 i3 NPOYECOPHUM MOOYAeM, Opateepamu 08USYHI8 ma MOOYIeM
peecmpayii cucHanNie 3 MAKMUTbHUX CEHCOpI8. 3anponoHOBAHO OCHOGHI CMPYKMYPHI eleMeHmu, maki, K
MYJTbMUENeKMpPOoOHa CUCeMd, KYKCONPUUMAloua 2iib3a ma eldache OIOHIYHULL npomes GUKOHAMU K OKpemi
HE3aNedCHT eleMenmu, sKI 3 €OHYIOMbCs MIdNC cobO0I0 No OKpemux 6e3nposioHux KaHaiax OOMIHY OAHUMU.
Pospobreno enemenmu mynomuenexmpoonoi cucmemu 3anucyeanns nEMI" ma 3anucysanisi cuenanie ceHcopHozo
360POMHO20 36 SA3KY.

Knrouosi cnosa: cencopruii 360pomuuil 36 5130k, Olowiunuil npomes, nEMI, kykconpuiimaioua 2inw3a,

MAKMUIbHULL CEHCOP.
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