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Abstract. The article analyzes the constructions of biocontrolled prostheses that are common today on
the market of prosthetic equipment, in particular the i-Limb, «Michelangelo hand» and Bebionic prostheses. It is
shown that these constructions use hollow shell models of the phalanges of the fingers and the palm, which together
form the exoskeleton of the prosthesis construction. This type of design is characterized by the complexity of
manufacturing, and accordingly, the cost, and the irrational use of volume, since traction elements, gear elements
or other elements are placed inside these hollow elements, which ensure the transmission of forces when
performing bending movements of such fingers. The article proposes the use of the endoskeleton as a support base
for fixing electric drives and control elements. At the same time, the structure is a group of hingedly connected
elements and rods for the transmission of forces, in which simultaneous bending is ensured in all hinged joints,
and the form of the performed movements is close to natural. At the same time, the volume of the finger elements
is more rationally used in the proposed design, as it becomes possible to fix out external nozzles of elastomeric
materials on the structure rod, which will repeat the shape of real fingers, will be soft for reliable holding of
objects when performing grip movements. At the same time, it becomes possible to install sensors in such
elastomeric elements to provide tactile sensations. As a result of the research, 3-D models of all prosthesis
endoskeleton elements were developed and they were manufactured by 3-D printing. At the prototyping stage,
bipolar stepper motors controlled by the Arduino Uno module were used as electric drives to evaluate the
trajectories of the performed movements. It is shown that it becomes possible to increase the functionality due to
the installation of sensors to provide tactile sensations It was established that the number of performed movements
is practically the same as that of analogues, and the cost of the proposed design is much lower. At the same time,
reliability is higher due to the use of a much smaller number of structural elements and their connections.
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1. INTRODUCTION

An urgent task today in the field of medical device construction is the development of
highly functional prostheses and orthoses for people, in particular those who have received
injuries or disabilities as a result of the military aggression of the Russian Federation against
Ukraine, etc., which is additionally declared in the resolution of the Cabinet of Ministers of
Ukraine dated October 1, 2014 No. 518 (additionly No. 454 of April 12, 2022) [1]. However,
despite the rapid development of the prosthetics industry in Ukraine, the problem of creating
one's own highly functional biocontrolled hand prostheses remains.

This is often the result of the need to simultaneously and comprehensively solve a
number of tasks that relate to various fields of science and technology and require the
involvement of relevant highly qualified specialists. Thus, the main tasks, the complex solution
of which will make it possible to develop a highly functional bio-controlled hand prosthesis,
are the choice of the prosthesis moving elements design, the optimal drive of the rosthesis
moving elements, provision of tactile sensations of the prosthesis elements, the method of
biosignals selection and processing of the hand part that remained after amputation and ensuring
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the possibility changeability of the prosthesis individual elements when they are damaged, in
particular individual fingers.

In the paper, the design of the hand prosthesis moving elements is developed by using
the principles of the functioning of the endoskeleton of a real hand.

2. ANALYSIS OF THE RESULTS OF EXISTING RESEARCH

Prosthetics refers to the replacement of lost or irreversibly damaged body parts with
artificial substitutes — prostheses [2]. Prosthetics is an important stage of the process of social
and labor rehabilitation of a person who has lost limbs or suffers from diseases of the
musculoskeletal system.

The task of bioprosthetics of the lower and upper limbs, which have been lost or
damaged due to injuries or diseases, is solved by using simpler solutions. Some solutions consist
in the aesthetic restoration of the limb appearance, others consist in the restoration of certain
lost or impaired functions.

Active bioprostheses, which function on the basis of the use of additional external
types of energy to repeat lost functions, include myotonic, traction, and biocontrolled
prostheses [3-6].

The most functional in terms of the number of elementary movements provided and the
restoration of the functions of the lost limb are the so-called bionic or biocontrolled prostheses,
the functioning of which is ensured by the formation of control signals for the prosthesis
executive elements based on the results of the selection and processing of residual signals of
muscle activity of the truncated hand part.

In recent years, there has been a significant development of active prostheses biocontrol
methods, which is a consequence of achievements in the field of electrophysiology,
biomechanics, microelectronics, and adaptive control systems with feedback [4-6].

In a living organism, control signals are transmitted to muscles with the help of
bioelectric impulses that reflect the commands of the central nervous system. Similarly, in a
hand prosthesis with bioelectric control, the role of command signals is performed by
biocurrents diverted from the truncated muscles of the stump. The mechanism that executes the
commands is an artificial mechanical hand, which is equipped with one or more small electric
actuators with autonomous power supply.

However, there are practically no domestically produced highly functional bio-
controlled hand prostheses on the market of prosthetic equipment (as of 2020, only 58
enterprises produced prostheses in Ukraine, and only 6 of them produced highly functional
prostheses). This is due to the difficulty of providing the necessary number of prosthesis
individual movements, which is determined by selection means and processing methods of
amputated limb residual muscle activity biosignals. As for foreign analogues, they are high of
cost and involve the prostheses installation, adjustment and further maintenance exclusively
abroad.

The most functional today is the group of biocontrolled prostheses of «Touch Bionics»
(Great Britain) [6]. I-Limb model prostheses (Fig. 1) make it possible to perform a huge number
of everyday tasks due to a significant number of performed elementary movements of the
prosthesis components. Using a special mobile application, the prosthesis can be customized
specifically for your body and type of activity, that is, you can train yourself to control the
prosthesis.

Next in terms of functionality are Bebionic prostheses (Fig. 2), which are a group of
biocontrolled prostheses with an electromechanical drive and microprocessor control and
control of the performed movements. The last of this series is the Bebionic 3 prosthesis [6, 7].
It provides 14 different grip types and hand positions.
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Biocontrolled prosthesis «Michelangelo hand» (Fig. 3) of the new generation,
created in Germany, is unique in its nature and functional capabilities [7]. Prosthesis
«Michelangelo hand» perceives the signals of neurons in the brain. The prosthesis is made
of various metals, alloys and plastic, and the fingers repeat the structure of a human hand
and move like real ones [7].

The disadvantage of the considered bioprosteses structures is the use of shell models of
the fingers phalanges and the palm. Such models are hollow, inside which additional drive
elements are placed, which greatly complicates the design of the prosthesis and makes it less
reliable. In addition, in such structures it is practically impossible to make the fingers
removable, so that in case of damage they can be replaced, instead of sending the entire hand
prosthesis for service or repair. Another disadvantage is the inefficient use of the fingers
phalanges volume, inside which sensors could be placed to realize the possibility of providing
tactile sensations in the prosthesis.

o

Figure 1. Appearance of the i-Limb prosthesis [6, 7]

Figure 2. Appearance of the «Michelangelo hand» Figure 3. Appearance of the Bebionic prosthesis [6, 7].
prosthesis [6, 7].

In contrast to known designs, it is proposed to use a design that would be close to the
natural structure of the real hand. It is proposed to use an endoskeleton as the basis of the
prosthesis, to which elements of the implementation of tactile sensations could be attached. In
general, the endoskeleton is a mechanism that provides support, movement, and form due to
the internal framework. An example of an endoskeleton is the bone system of animals and
humans. In this case, it is possible to place silicone inserts on the «bones» of the phalanges of
the fingers, which would be soft and give the prosthesis an aesthetic and natural appearance,
and also inside of these inserts it would be possible to place pressure transducers and realize
tactile sensations. In addition, such a prosthesis would be much lighter, would have a smaller
number of elements and connections, and it would be possible to implement the possibility of
quick and simple replacement of individual fingers in case of damage.
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The Objective of the paper is the development of the prosthesis design that would be
close to the natural structure of the real hand. It is proposed to use an endoskeleton as the basis
of the prosthesis, to which elements of the implementation of tactile sensations could be
attached.

3. RESEARCH RESULTS

The work proposes to develop an endoskeleton of a biocontrolled prosthesis that would
function according to the principle of the human hand skeleton. In Fig. 4 and Fig. 5 shows the
image of the bones and the actual hand. These two images were used to determine the basic
geometric dimensions for designing the prosthesis exoskeleton. So, the size of the palm bones,
thumb and index finger were used as a basis. To do this, these images were loaded into a
software environment for the execution of technical drawings. In Fig. 5 shows the loaded image
of the hand with the parameters of the palm (positions 4 and 5) and fingers (positions 1-3)
circled to the specified dimensions. The element of the palm itself is circled without taking into
account soft tissues, so the dimensions are smaller than the dimensions of a real palm.

Figure 4. Image of the hand bones Figure 5. View of the loaded hand image with the
parameters of the palm and fingers

Position 5 indicates a separate element of the palm, which ensures the removal of the
thumb.

First, the structure of the index finger was designed, which would include a series of
hinged elements that would correspond to the individual phalanges of the real finger, and
elements that would transmit forces to these phalanges during flexion and extension of the
finger. As a result of the analysis of the design of known hand prostheses, it was proposed to
develop a design that would ensure simultaneous bending in all hinge joints of all finger
phalanges, but when bending in individual hinge joints, individual phalanges would repeat the
movement trajectory of the corresponding phalanges of a real index finger.

So, in Fig. 6 shows a simplified schematic representation of the index finger.
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0 5 9

Figure 6. Simplified schematic representation of the index finger

According to Fig. 6, positions 1-3 indicate the phalanges of the finger, and position
4-the element of the palm — the base. All phalanges (1-3) are connected to each other
and to the element of the palm with the help of hinge joints 5. Efforts are transmitted
to each subsequent element of the phalanx from the previous one with the help of
rods 6 and 7. They are also connected to the elements of the phalanx using hinged
joints. Each element has protrusions 8 and 9 to which rods 6 and 7 are attached.
Rod 10 is connected on one side to the protrusion of element 3, and on the other side
to the element of the electric drive (not shown in the figure). Thus, when moving
the rod 10 to the left in the horizontal plane, as shown in Fig. 6, the design of such a
finger will begin to bend in the first hinge joint. At the same time, the rod will turn
on one side in the hinged joint on the palm element, and on the other side will create a
pulling force on the protrusion of element 2, causing it to turn in the corresponding
hinged joint. This will occur due to the presence of corresponding protrusions 8 and
9 on the phalanx elements and the misalignment of the hinge joints of the rods with
the actual hinge joints of the elements 3 and 4. Similarly, through the rod 6, a pulling
force will be created on the element 1. Accordingly, when the rod 10 is moved to the left
and to the right, flexion and extension of the finger will occur simultaneously in all hinge
joints.

It is important to provide the designed finger structure with such geometric parameters
that, in the final case, the finger bends and unfolds identically or as close as possible to the
bending and unfolding of a real finger. The dimensions of the individual phalanges elements
are taken from the image of a real human hand.

At the next stage, the dimensions of the structural elements were reduced to the
selected and measured dimensions. The view of the resulting structure in the extended state
is shown in Fig. 7.

Figure 7. Projected design of the finger in the extended state
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Further, the movement of individual elements of the proposed design was evaluated
when the element of the finger first phalanx in the hinge joint was moved relative to the palm
element by 45° (Fig. 8).

Figure 8. Movement of the finger elements when bending the first phalanx at 45°

As can be seen from fig. 8, there is a simultaneous movement of all design elements in
the corresponding hinge joints. In fig. 9 shows the movement of individual design elements
when the element of the finger first phalanx in the hinged joint is moved relative to the palm
element by 90°.

£ S

Figure 9. Movement of the finger elements when bending the first phalanx to 90°

After observing the movements of the real finger phalanges and the one shown in Fig. 9
may be made the next conclusions. When bending the first phalanx relative to the palm of the
real finger by 90°, the o angle (Fig. 10) should be sharp (75-85°), and the 8 angle should be
obtuse (115-125%).

ISSN 2522-4433. Bicnux THTY, Ne 3 (115), 2024 https://doi.org/10.33108/visnyk_tntu2024.03 ..........cocovveerrermrerrrernreerenn. 105



Design of the endoskeleton of a biocontrolled hand prosthesis

Figure 10. Features of the finger phalanges bending
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Figure 11. The resulting design.
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However, in the design shown in Fig. 9, both angles are obtuse. That's why it is
necessary to change the sizes of the protrusions on the finger phalanx elements and the length
of the rods, respectively. For this purpose, the required rotation trajectories of each finger
phalanges element were set, their placement at the angle of the first phalanx rotation relative to
the palm of 45° and 90°, and the optimal values were selected from a set of possible values. The
resulting design is shown in Fig. 11.

For the resulting version of the design, all elements were additionally rounded to provide a
more practical and aesthetic shape. Also, the rods themselves were curved so that when moving
they protrude less beyond the finger phalanges elements. The resulting design is shown in Fig. 12.

The main elements of the hand prosthesis endoskeleton were designed. Based on this,
a 3D design of individual elements of the endoskeleton design was performed and a drawing of
the three-dimensional assembly unit was made (Fig. 13).

e (6) '\L
, . S

Figure 13. 3D image of the endoskeleton design as a volumetric assembly unit
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Also, all design elements were made by 3D printing using the ANYCUBIC i3 MEGA
3D printer. At the same time, ABS filament of black and blue color was used.
The main supporting elements were made from black filament, and the rods — from blue
filament. The image of the assembled structure of the hand prosthesis endoskeleton is shown
in Fig. 14.

Figure 14. Image of the assembled design of the hand prosthesis endoskeleton

At the next stage, the design was improved and electric drives were added, which are
bipolar stepper motors and their control drivers. Red and white PLA filament was used for
printing. The actual control signals were generated by the Arduino Uno platform. The view of
the prototype design of the prosthesis is shown in Fig. 15.

Figure 15. Prosthesis design with electric drives
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SPS-15RF type bipolar stepper motors with winding resistances of 10 Ohms, operating
voltage of 4.8 V, and special shafts with different thread angles were used to study the operation of
the proposed design (to evaluate the speed of bending/unfolding of the phalanges. Taking into
account the specifics of controlling such motors, specialized drivers L9110S were used, which are
power H-bridges with a maximum load current of 1200 mA and a range of operating voltages of
2.5-12 V. During the operation of the proposed design was noted the smoothness of movements,
the possibility of controlling the speed of the performed movements and the possibility of providing
greater number of grips due to the bending of each finger in all hinged joints.

4. PROSPECTS FOR FURTHER RESEARCH

The proposed design is the basis for the development of a biocontrolled hand prosthesis.
At the same time, for the selection and processing of biosignals for controlling such a prosthesis,
it is planned to use the methods given in papers [18, 19] with appropriate modifications

Analyzing the completed assembled design of the developed endoskeleton, it revealed
a number of shortcomings, which are planned to be eliminated in subsequent research. At the
first, this is the effect of additional forces perpendicular to the sides of the each finger phalanges
elements. So, holding a bottle of water (vertically) in such a hand, for example, the actual bottle
will additionally create a load on the phalanx elements and hinge joints perpendicular to the
axis of rotation. Thus, in the future design, it is proposed to make the elements of hinged joints
more massive.

The printed elements can be used as bases for making molds for subsequent casting of
these elements from metal alloys. In this case, the final design will be characterized by high
strength and wear resistance.

It also found that the way the thumb is rotated and placed on its base needs improvement,
as it is difficult to bring the index finger and thumb together when bent, for example to take a
piece of paper or credit card, etc.

It is also planned to develop a design of the palm with the possibility of replacing
individual fingers. This will be especially useful and effective in the practical use of the finished
hand prosthesis based on the developed endoskeleton design.

5. CONCLUSIONS

The design of the endoskeleton of a biocontrolled prosthesis, which would function
according to the principle of the skeleton of a human hand, was developed.

First of all, the design of the index finger was designed, which includes a number
of elements with hinged joints that correspond to individual phalanges of the real finger,
and elements that will transmit forces to these phalanges when bending and unfolding the
finger — rods. As a result of the known hand prostheses design analysis, it was proposed to
develop a design that would ensure simultaneous bending in all hinge joints of all finger
phalanges, but when bending in individual hinge joints, individual phalanges would repeat
the movement trajectory of the corresponding phalanges of a real finger.

The main elements of the hand prosthesis endoskeleton were designed. Based on this,
3D design of individual elements of the endoskeleton was performed and drawings of the three-
dimensional assembly unit were performed.

Also, all design elements were made using a 3D printer. At the same time, ABS and
PLA filament were used. Thus, in the process of 3D printing, it was determined that the weight
of the structure will not exceed 30 g, which is significantly less than the weight of the analyzed
analogues. Besides, the cost of such a design will be much lower and the functionality will be
higher.
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KOHCTPYKIIA EHAOCKEJIETA BIOKEPOBAHOI'O ITPOTE3A
KHUCTI PYKHA

Bacuas Jdo3opcbknii; Jleonin deais; Cepriii KoBaauk;
Oxcana /lo3opcbka; Ipuna Jlenis

TepHoninbcokuul HAYiOHATLHUU MeXHIYHUU YHigepcumem imeni leana 1lynros,
Tepuonins, Ykpaina

Peztome. Ilpoananizosano Koncmpykyii 0ioKeposanux npomesis, AKi CbO20OHI NOWUPEHI HA PUHKY
npomesnoi mexuiku, 30kpema npomesu i-Limb, «pyxa Mikeranooiceno» ma Bebionic. Iloxasano, wo 6 yux
KOHCIPYKYISIX SUKOPUCTHOBYIOMbC NOPOICHUCINT 000JIOHKO8I MoOeni ananeie nanvyie i 00JO0HI, AKi pa3om
YMBOPIOIOMb 306HIWHIL cKeNlem KOHCmpPYKYii npomesa. Lleti 6uo koncmpyxyii xapaxmepusyemuvcsa CKAAOHICIIO
BUCOMOBIEHHS, A BIONOBIOHO [ 8APMICMIO, | HEPAYIOHATLHUM GUKOPUCMAHHAM 00'€MYy, OCKIIbKU 6CEPeOUHi Yux
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NOPOIACHUCMUX eleMEHMI8 PO3MIWYIOMbC MA20GI eleMenmu, 3youacmi abo inwi enremenmu, sKi 3a6e3neyyoms
nepeoasanHs 3yCulb NPU BUKOHAHHI 32UHANLHUX pPYXI8 MAKUX naivyie. 3anponoHo8aHo BUKOPUCTAHHS
enoockenema AK Hecyyoi ocHo6u 0N KpINnJeHHs eleKmponpugooie ma eiemenmie Kepysauus. Ilpu yvomy
KOHCMPYKYIsL 678€ COO0I0 2pYyny WAPHIPHO 3'€OHaHux enemenmis i wmane O1si nepedasantsi 3yCuib, 8 SIKUX
3a6e3neuyemvpCsi 0OHOUACHUT 32UH ) 8CIX WAPHIPHUX 3'€OHAHHAX, a POpMA GUKOHYBAHUX PYXi6 HAOIUNCEHA 00
npupoonoi. Ipu yvomy 6 3anpononosaniti KOHCMPYKYIi payionanbHie GUKOPUCTOBYEMbCL 00 €M eleMeHmie
Nanbyie, OCKIIbKU CIMAE MOICTUGOI) (DIKCAYISL HA CIMEPICHAX KOHCMPYKYIL 308HIUHIX HACAOOK 3 elACMOMEePHUX
mamepianie, AKi NOGMOPIOIOMb QOPMY CAPABHCHIX NAbyie, 0yOymb M AKUMU 0N HAOIUHO20 YMPUMAHHS
npeomemis npu 8UKOHAKHI 3axeamis. [Ipu ybomy, MOMCIUBUM CMAE BCMAHOBNICHHA 8 MAKI eleMeHmu OamyuKie
0714 3a0e3nedents maKmuibHux 8iouymmis. ¥ pezynomami 0ocaiodicents po3pobaerno 3-D mooeni 6cix enemenmis
eHOoCKelema npomesda, AKi eucomosieHi memodom 3-D Opyky. Ha emani npomomunyeanws 8 sakocmi
e1eKmponpugooie 01a OYIHIOBAHHA MPAEKMOPIN SUKOHYBAHUX DYXI8 BUKOPUCMOBYBANUCA OINONAPHI KPOKOSI
osuzyHu, kepogati mooynem Arduino Uno. [lokasano, wjo niosuugenta GyHKYIOHATbHOCMI CIAE MONCIUBUM 3d
PAXYHOK 6CMAHOGLEHHS OAMYUKIE 05l 3a0e3neuentsi MmaKmuibHux ei0yymmis. Bcmanoeneno, wo KiibKicmo
BUKOHYBAHUX PYXi8 NPAKMUYHO MAKA XC, AK | 8 AHANO02I8, A 8apmMicmb 3anpoNnoHOBAHOI KOHCMPYKYIL 3HAUHO
Huoicua. Ilpu yvomy Hadilinicmv euwja 3a PAXYHOK GUKOPUCAHHS 3HAYHO MEHWIOI KIbKOCMI eleMeHmie
KoHCcmpyKyii ma ix 3'cOHanb.
Knrouosi cnosa: npomes, endockenem, 6ionpome3yeants, WAPHIPHE 3 €OHAHHSL.

https://doi.org/10.33108/visnyk_tntu2024.03.100 Ompumaro 21.07.2024

ISSN 2522-4433. Bicnux THTY, Ne 3 (115), 2024 https://doi.org/10.33108/visnyk_tntu2024.03 ..........cocovveerrermrerrrernreerenn. 111


https://doi.org/10.33108/visnyk_tntu2024.03.100

