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PesynpTat  eKCHepUMEHTANBHUX JOCHIKEHb JIEMOHCTPYIOTH IO3UTHUBHY
JWHAMIKy HOpMaJiizaiii 610MeXaHIYHUX TMapaMeTpiB, IO MIITBEP/KYE JOLUIBHICTD
3aCTOCYBaHHSI 1HCTPYMEHTAJIBHOTO IMMIAXOAY Y TMPOIECl KIIHIYHOTO OpTE3yBaHHS.
Takuii miaXig —CHOpUSE CKOPOUCHHIO TEPMIHIB  pealuliTaiii, IOKpalleHHIO
(GYHKITIOHATBHOTO CTaHY TAIEHTIB 1 3SMEHIIICHHIO PU3UKY TTOBTOPHUX YIITKOJXKEHb.

Knwouosi  cnosa:  opTe3yBaHHS,  HaBaHTAXKEHHsS,  CTOMA,  KOEQIIIEHT
PO3BaHTAKEHHS, ITUKII KPOKY.
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Introduction

Modern realities make the problem of restoring the functionality of the
musculoskeletal system for people who have lost it due to diseases, injuries and limb
amputations very relevant [1].

One of the most important parts of the musculoskeletal system are the legs. The
working lower limbs play an important role in human health and ensure their self
activity. Sufficient motor activity of the legs improves the functioning of the
cardiovascular system and maintains the tone of the entire musculoskeletal system.
Therefore, in prosthetics, restoring their functionality is one of the priority tasks.
There are five types of lower limb amputation, and among them, transfemoral
amputation is one of the most common and severe.
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In such cases, one of the main goals is to restore the functionality of the knee
joint. In this regard, digital knee joints with complex control systems that adapt to
different situations are becoming increasingly widespread. Their main disadvantage
is their low availability. Also, the control systems of these prostheses still do not
cover a large part of the cases when people have certain temporary or permanent gait
defects.

Therefore, the purpose of this work is to optimize the transfemoral prosthesis
control system taking into account gait defects of people with lower limb movement
disorders.

Material bases and elements of the control system

First, in order to optimize the control system, it is necessary to choose a
prosthesis on which direct optimization will take place.

1. Frame and control mechanism

The design proposed in [2] can be taken as a basis for further improvements. This
design is an automated digital uniaxial knee prosthesis.

Transfemoral prostheses, in addition to being divided into digital and mechanical,
can also be divided into single-axis and multi-axis. The advantage of multi-axis
prostheses 1s increased stability when used even without additional stabilization
elements. They are also much more comfortable to walk in comparison with
mechanical single-axis ones. However, the use of a single-axis prosthesis will
significantly reduce its weight, freeing up space for the control and stabilization
system, and allowing more comfortable use for people with weakened muscles.

It was decided to replace the proposed design of the variable liquid damper in [2]
with the magnetic damper Bohai MR C39-40B01. The choice was due to its lower
weight, greater reliability and ease of use. This shock absorber has a total length of
240 mm and a cylinder diameter of 39 mm [3]. It 1s able to withstand a load of up to
1350 N and is regulated by a current of 0-1.5 A [3]. The operating voltage is +24 V.

2. Sensor system and control system

In work [2], an element base for the control system and sensor system is
proposed, consisting of: an FX29 strain gauge, a GY-521 module, an Atmega328
microcontroller as part of the Arduino UNO development board, an encoder, a Tower
Pro MG90S servo drive, a DC Mini560 power adapter, and NCR18650 batteries.

It was determined that most of them would not be used, and therefore the decision
was made to replace them with options with better parameters.

Two GY-521 modules will be used as the main elements of the sensor system.
This module is built on the basis of a three-axis gyroscope MPU6050, which also has
a three-axis accelerometer built in. Also, this module has a temperature sensor, the
functionality of which is irrelevant for this control system.

Despite this, the main advantage of using the GY-521 module is the ease of its
implementation in a control system built on the Arduino platform. We work with
them via I2C, using addresses 0x68 and 0x69. In addition, this module has a built-in
5 V converter, which allows direct power supply from the development board. Also,
they are small enough (dimensions 20 x 16 x 2 mm) that they can be easily installed
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on any necessary surface of the prosthesis. Their main function will be to set the
angles of inclination of the prosthesis parts for further determination of the stages of
movement.

The next sensor chosen is the FSR-402, as a resistor, whose resistance changes
with the load. A simple and affordable alternative to the FX29 strain gauge. It can be
connected directly to Arduino boards. This sensor is installed in such a way as to fix
the contact of the leg with the ground. As batteries for the prosthesis, you can choose
the proposed NCR18650. 7 batteries connected in parallel will provide the necessary
voltage for the damper to operate.

The main control element is a board based on the Atmega328 processor. The use of
the Arduino UNO development board is not necessary, since for all the tasks set, the
Arduino Nano board based on the same processor will be sufficient. This board is a
much more compact and cheaper solution. This board has a clock frequency of 16 MHz,
2 KB of SRAM, 32 MB of flash memory and 1 KB of EEPROM. In addition to simple
analog and digital ports, it has I2C ports, 3.3 V power supply and two ports for
communication via Bluetooth modules. A significant difference is that this board
processes floating points programmatically. Arduino UNO will control a variable
magnetic damper via an IRF540N transistor with a threshold voltage of 4 V and a
maximum allowable input-output voltage of 100 V. Also, for the entire sensor system
and processor to work, it is necessary to connect Arduino UNO to 24 V via the Mini
MP1584 DC-DC 3A module. This converter is suitable because it is able to lower the
voltage from 4.5 V - 28 V to 0.8 V - 20 V in direct current. The method of connecting
the selected control elements is shown in Fig. 1.
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Fig. 1. Connection diagram of the control system and the sensor system
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Control system software

To create a correctly working control system, it is necessary to understand the
parameters, which will be managed. The sensor system discussed above has as its
main task the tracking of angles of inclination of parts of the prosthesis during
walking.

Therefore, based on the compiled connection diagram of the control system, a
prototype of the sensor system was created.

Prototype development

A part of the system consisting of Arduino Nano and two GY-521 modules was
selected. Their connection scheme remains unchanged. A battery (+9 V) was used as
a power source. For convenient data transfer to a personal computer, a Bluetooth

GND -9V module Hc-05 was used. Arduino IDE,
Python and Microsoft Excel were used to
GY-521 GY-521 .
823 Eag g L write programs and process data. When
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prototype sensor system where A — angle of inclination; R — rotation

speed; k — iteration number; Ts — iteration time.
Also, the angle of inclination can be found using the accelerometer built into the
module according to the equation:

Bx = arctan( Acc, ),

\/ Accy2 + Accz2

where Acc — axial acceleration.

Both methods have certain flaws. Finding angles using accelerometers makes the
system vulnerable to noise and small movements. In turn, finding using a gyroscope
leads to the accumulation of errors with each iteration. To eliminate these
inaccuracies, a Kalman filter was used, which allowed combining these two methods.

The first result was the re-invention of the equation for the integration of fluidity
in rotation, which appeared as follows:

A, (k)y=A4A_, (k—-1)+T [Rate(k).

We assume that the resulting angle is not the final value, but only a prediction. In
this case, this prediction will have an uncertainty, which can be described as follows:

U,(k)=U,(k-)+T> @

alman

Cexuian 6. IHOOPMAI[IHHO-BUMIPIOBA/IbHA TEXHIKA TA TEXHOJIOI'TT 233
BIOMEJUYHHUX /IOCIII/I’KEHb



XX1V Mixcnapoona naykoeo-mexniuna kongepenuia “IHPUITA/IOBY/IYBAHHA:
cman i nepcnexkmueu’’, 13-14 mpaens 2025 poxy, KIII im. Izopsa Cikopcokozo, Kuie, Yxkpaina

where U — uncertainty.
So, now we can calculate a new prediction for the angle:

Akalman (k) = Akalman (k) + Gkalman mA(k) - Akalman) ’

where A(k) — angle measured using accelerometers.
In turn

_ U,
kalman UA(k)+32 .

The last equation is necessary to update the uncertainty for the next prediction.
This way, a signal is obtained that is close to the real one and free from extraneous
noise.

The HC-05 module was configured to a data transfer rate of 115200 baud as
follows. To prevent errors when transferring data from the Arduino IDE to Python,
start and end characters were set. The data is transferred to a suitable python
program, which accepts it, discards the accompanying characters, generates detailed
real-time graphs and records the data in a Microsoft Excel file. From there, they can
be freely taken for evaluation and analysis.

The prototype consists of two parts: the upper and
lower sensors. Along with the upper sensor, there is also
an Arduino UNO board, a Bluetooth module HC-05 and
a power supply. All elements are securely fixed to
minimize errors and breakage. They are fixed to the leg
using adhesive tapes. The sensors are located above the
knee and ankle joints, deployed as shown in Fig. 3, with
the sensor axis X set parallel to the knee flexion axis.

Study of angular parameters of the leg during

Fig. 3. Photo of the healthyand defective gait
prototype mounted on the leg . To form a correct idea of the obtained data, it is

necessary to understand what the gait cycle consists of and
what the trajectory of the leg is during healthy gait. The classification of stages is shown in
Fig. 4. It is also useful to focus on the existing information on the dynamics of movement of
parts of the leg during healthy gait. Similar data are given in [5, Fig. 7, Fig. 8], which
illustrates the features of the dynamics of changes in the angle of inclination of the thigh
relative to the pelvis and the lower leg relative to the thigh. With respect to them, the quality
of the sensor system can be established.

In turn, Fig. 5 of our work shows new data measured using a prototype sensor
system. If we compare the dynamics of the change in the angle of inclination of the
thigh relative to the ground, it is in the range of maximum and minimum deviations
according to Fig. 5. Despite this, it will not be possible to make a similar comparison
for the graph of the movement of the lower leg, since the new data are also measured
relative to the ground, unlike those given in the study [5, Fig. 7, Fig. 8]. Among other
features of the new measurements, we can note a small shock that occurs when the
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foot contacts the ground. Now, this sensor system can be used to obtain the dynamics
of the movement of a defective gait and analyze it for further input into control

systems.
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Fig. 4. Stages and phases of human gait [4].

The most common indication for amputation in our time iS serious injury.
Typically, the causes of such injuries can cause a number of other health problems,
ranging from direct damage to the musculoskeletal system to severe neurological

injuries.

In view of this, the following gait defects will be examined: unsteady gait;
antalgic gait; Trendelenburg gait [6] and Parkinsonian gait [7].

Unsteady gait occurs due to significant weakening or complete paralysis of the
gluteus maximus muscle. As a result, the person has significantly impaired control
over the thigh, which is why he has to compensate for the inability to raise the limb
by tilting the body. In other words, the affected person swings the leg with his body
in order to open the knee and take a step.
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Fig. 5. Dynamics of changes in the angles of Fig. 6. Dynamics of changes in the angles of
inclination of the lower leg and thigh relative to inclination of the lower leg and thigh in
the ground. people with a wobbly gait.
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This defect is similar to the problem with too heavy prostheses mentioned above.
While in the case of weakness the muscle can still be rehabilitated, in the case of
paralysis this defect is most often permanent. The study of the dynamics of leg
movement is shown in Fig. 6. The graph shows a decrease in the amplitude of
movements by 20 degrees for both parts of the body. What also distinguishes this
defect is the greater uniformity of hip movements, which is expressed in the increase
in the symmetry of the graphs of the 1st cycle relative to their tops.

Antalgic gait occurs due to severe pain in the affected leg. They can be caused by
discomfort due to an incorrectly made socket, or due to a recent injury. Such a gait is
characterized by a shorter support phase of the gait cycle for the affected limb. In
some cases, the affected limb is constantly half-bent, which is why the person has to
lean the torso more to touch the ground. This problem is more often treatable and the
control algorithm for it will be used temporarily. The dynamics of the movement of
the leg with antalgic gait are shown in Fig. 7.
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Fig. 7. Dynamics of changes in the angles of Fig. 8. Dynamics of changes in the angles of
inclination of the shin and thigh in people with inclination of the lower leg and thigh in people
antalgic gait. with Trendelenburg gait

Because a person moves with one leg bent, the range of motion becomes even
smaller. Also, when adjusting prostheses, one can rely on the fact that the range of
motion of the lower leg and foot almost does not overlap.

Trendelenburg gait occurs due to significant weakening or complete paralysis of
the gluteus medius muscle. As a result, in the middle of the support phase of the
affected leg, the unaffected leg bends, and the pelvis on that side sinks down slightly.
This is due to the fact that the gluteus medius muscle on the affected side is unable to
maintain the vertical position of the body. As in the case of a wobbly gait, this defect
is treatable when weakened, less often when paralyzed. The dynamics of leg
movement with Trendelenburg gait are shown in Fig. 8. Trendelenburg gait can be
identified by looking at the significant difference between the amplitudes of the hip
and shin oscillations. Another secondary sign is an unstable hip stance.

Parkinsonian gait occurs as a result of the development of Parkinson's disease,
which is characteristic of older people, genetically susceptible people and people with
a frequently injured central nervous system. This disease affects both legs, causing
short steps on almost always bent knees with a significant forward tilt of the body.
The main role is played by the movement of the hips, since the knees are almost
immobile during this gait.
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Fig. 9. Dynamics of changes in the angles of
inclination of the lower leg and thigh in people with
Parkinson's gait.

Conclusions

So, taking into account the selected data, such as elements: Arduino Uno; 2 GY-
521; HC-05 module; 9 V battery; power consumption 4.5 W; weight 185 g, as a result
of the optimization performed using heuristic methods, the minimization of the
impact of noise on the system and the maximum approximation of the output signal
values to the real values of the leg inclination at a speed of 100 measurements per
second were obtained.

The important topical issue of improving control systems for digital transfemoral
prostheses was considered in this work. Using the example of an existing
transfemoral prosthesis design, its improvement was carried out in both the
mechanical module and the electronic module. Based on the proposed improvements,
a sensor system was created, calibrated and tested, which is capable of detecting gait
abnormalities. Using the sensor system, various types of gait defects were
investigated and clear differences between them were established.

Key words: transfemoral prosthesis; control system’s optimization; Parkinson's

disease; antalgic gait; dynamics of leg movement; sensor system.
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CyuacHa ma3epHa MEIHWIIMHA OXOIUTIOE INMUPOKUN CIEKTP TEparneBTUYHUX
XIpypriuHux 1 peabuTiTaliiHO-BIAHOBIIOBAILHUX TPOLIEIYP, B SKUX KIIOUYOBY POJIb
BIJIIFPA€ TOYHICTh JO30BAaHUX IapaMeTpiB, KOHTPOJIb 1 CTaOUIBHICTH IapaMeTpiB
Ja3epHOro BUNpoMiHioBaHHS [1]. CTBOpEHHS KOMIT IOTEPHO-IHTEIPOBAHUX CHCTEM JIJIsI
aBTOMATH30BAHOTO YIPABIiHHS TaKUMH MPOIECaMHU JO03BOJISIE HE JIMIIE MOKPALTUTH
pe3yJbTaTH JIIKyBaHHS, a i 3a0e3neuntu Oe3neky Ta KoMpopT MarienHTis [2].

Bukopucranus KOMIT FOTEPHOT'0 aHaizy Ol0CUTHAIB, TaKNX SIK
¢ororieTuamMorpama, J03BOJISIE OLIIHUTH aJaNTallifHUl CTaH MAalli€eHTa B pealbHOMY
gaci [3]. Lle mae 3mory mnikapro-(hizioTepaneBTy I1HAMBITYaJIbHO HAaJIAlITOBYBATH
napamMeTpy Ja3epHOTO BIUIMBY, IO MiABUILYE €()EKTUBHICTH Tepamii Ta 3HIKY€E PU3HK
ycknanHeHb. OnrTumizailisi mapameTpiB  JIKyBaHHS, 3aBISKHM  KOMII FOTEPHOMY
MOJICITIOBAHHIO MOYKHA MiAOMPaTH ONTHMATbHI PEXUMH JIA3€PHOTO BIUIMBY IIE [0
noyatky npoueaypu [4]. Lle ocoO0auBO BaXIMBO MpU MarHiToJa3epHik Tepamii, Je
TOYHICTh JI03yBaHHSI CBITJIOBOI'O BUTIPOMIHIOBAaHHS KPUTHYHO BaXKITUBA IS TOCSATHEHHSI
OaxxaHoro tepaneBTUYHOTrO edekrty [5]. [TigBunuTy 6e3meku Ta KOHTPOJIb MapaMeTpiB
BIUIMBY JIO3BOJISIE 1HTErpailis KOMIT IOTEPHHUX CHCTEM, 3a paxXyHOK 3/iHCHEHH:
MOCTIMHOTO MOHITOPUHTY CTaHy Malli€eHTa mija 4ac ¢izionpoueaypH, o 3ade3nedye
CBO€YACHE BUSBJICHHS Ta KOPEKIIF0 MOXKIIMBHX BiIXWICHB [6]. Lle cripusie miaBuIeHHIO
3aXHUIICHOCTI 1 O€3MeKU Mallle€HTa Ta SIKOCT1 JIIKyBaHHS.

3pocTae MOMyJSPHICTh MPOIEAYP, SIKI HE MOTPEOYIOTh TIIMOOKOTO XipypridHOTO
BTpy4aHHs. Lle m03Bosise€ maiieHTaM IIBU/IIE BiTHOBIIOBATHCS Ta 3MEHILIYE PU3UK
ycknanuenb [7]. Hampuxman, nazepHe nutidyBaHHA mmKipu oOauyusi 3abe3nedye
OMOJIO/KEHHS 1 BITHOBJICHHSI MOBEPXHEBUX IIAPIB IIKIpHM 0€3 TPHUBAJIOTO MEpioay
peaOimitamii. Po3mmpenHss 3actocyBaHHS — JlazepHuUX  TexHojorii. Jlazepu
BUKOPHUCTOBYIOTbCSI HE JIMIIE B XIpyprii, Tepamii, KOCMeTojorii, ajge " y
CTOMATOJIOT1i, T1HEKOJIOTil Ta IHmMX HampsMmax MenuuuHu [8]. Lle crnpusie Oimbin
TOYHOMY Ta €(PEKTUBHOMY JIIKYBaHHIO PI3HOMaHITHHUX 3aXBOPIOBaHb. [HTerpaiis 3
KOMII FOTepHUMHU CHCTEMaMH KEepPYBaHHS B JIa3€pHUX amaparax, M0 OCHAIIYIOThCS

238 Cexyia 6. IHOOPMAI[IHHO-BUMIPIOBA/IbHA TEXHIKA TA TEXHOJIOI'TI
BIOMEJUYHHUX /IOCII/I’KEHb



