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Pesiome

Lenb uccnedoeaHusi. Cmambsi nocssileHa paspabomke aneopumma ynpasneHusi 08uxeHueMm yrnpasrsemol
moburnbHoU nnamgopmbl annapama naccusHol MexaHomepanuu 207eHocmornHoz2o cycmasa. O0Houl u3 Hauboree
pacrnpocmpaHeHHbIX mpasM, Mosly4yaeMbIX HesI08€KOM, sierisiemcsi MnospexdeHue 20/1eHOCMOrHo20 cycmasa npu
8bIMOMIHEHUU CrIOPMUBHbIX, 6bIMO8bIX, MPOU3BOOCMEEHHbIX YPaXHeHUl, a makxe 8 pe3yrnbmame asmomMobusibHbIX
asapull. MadeHue ¢ 8bIcOMbI C MPU3EMIEHUEM Ha HO2U, 8 MOM YUCIie MPU BbIMOSIHEHUU MPLIKKO8 C napawitomom,
makxe 4yacmo npueodum K mpasMupO8aHUr0 20/IeHOCMONHo20 cycmasa. [nsa ysenuveHus aghghekmusHocmu
peabunumayuu, Kak rpaeusio, MPUMeHsiemcsi MexaHomeparnusi. AKmyaslbHOCMb MeMbl C8si3aHa C 8bICOKOU
aghgbekmusHOCMbO pobomusuposaHHbIX ycmpolicme peabunumayuu, komopble, brazo0apsi 0b6pamHbIM C8538M U
yrpasssieMbIM 371IeKmponpugodam Mo2ym 8binosHsAMb O8UXEHUST HUXKHUX KOHeYHocmel ornmumalsibHbIM criocobom.
MemoOdsi. PazpabomaHa cmpykmypHasi cxema cucmeMb! yrpaerneHusi npubopom. B rnpednoxeHHOM arnzopumme
0nsi eblqUCHIEHUST YNpassistowWux HanpsikeHul MpuMeHsiemcs cmpameausi pacnapasnenueaHusi ynpasisowux
g8o3delicmeull C PUMEHEHUEM KOPPEeKMUPYOWUXU 3MaloHHbIX ynpaseneHul. Hanu4due cucmembi curno-
MOMEHIMHO20 O4YYy8CMBIIEeHUSI 10380/151eM OUEHUMb U3MEHeHUEe 8€e/lIUYUHbI peakyuu 80 8peMeHU U C80EB8PEMEHHO
3agbukcuposamb MOMEHM B03HUKHOBEHUST Criacmuyeckux aghghekmos, KOHmpakmypbl MbllUY, U asmomMamuyecKku
rpou3secmu U3MeHeHUEe 3aKOH08 OBUXEHUSI CMOMbl C Uesblo UCKMOYeHUsT mpasmamu3ayuu nayueHma u
ycmpaHeHusi 6051e8020 CUHOpOMa.

Pe3ynbmamsl. [lpedrioxeHa memoduka MNOCMPOEHUsT xenaemol 3asucuMocmu yerioe rnosopoma cmorbsl om
8peMeHuU 8 cacummarbHOU U ¢hpoHmMarnbHoU nrockocmsix. Pa3pabomaHbl anzopumm pabombi 6rioka 3adaHusi
3aKOHO8 OBUXKEHUST U MPUHSAMUS peweHul, anzopumm opMUpO8aHUsT yrpasistowux HanpsxeHud no amasoHHOU
modenu, anzopumm pabombl 6rl0Ka KOPPEKMUPOBKU HarnpspkeHul, a makxe aneopumm pabomsbl 6ri0ka
KOppeKkmuposKu smasioHHol modesnu. B pe3dynbmame rnpoeedeHHbIX supmyasibHbIX mecmo8 Ha Mamemamu4eckol
modenu nipubopa bbInu Mosy4YeHbl OCHOBHbIE 3aKOHOMEPHOCMU O8UXEHUSI UCMOIHUMEeIbHO20 MexaHu3ma 8 sude
3asucumocmel yera nosopoma rnaamgopmb! Om epeMeHU.

3aknroyeHue. Pe3ynbmambl mecmupogaHus ycmpolicmea nokasbigarom, 4mo yripasreHue 08UXeHUeM UCMOMHU-
mesnbHO20 MexaHu3ma rpubopa 0s19 aKmueHO-MaccusHOU MexaHomepanuu 20/1IeHOCMOINHO20 cycmasa npu noMowju
ornucaHHbIX 8 pabome an2opummos yesiecoobpasHo.

Knroyesnble crnosa: mexaHomeparusi 20/1€HOCIMONHO20 Cycmasa; cracmuyeckue aghgekmsl U KOHmMpakmypa
MbIWY, an2opumm yrnpaeneHus ycmpolcmeom, ¢hopMuUposaHue yrnpassioWux HanpskeHul; KoppeKmuposka
HanpspkeHud.
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KoHpnnukm unmepecoe: Aemopbl Oekrapupyrom omcymcmeue SI8HbIX U MOMeHyUasibHbIX KOHQIUKMO8 UHMmMe-
pecos, cesizaHHbIX ¢ nybnukayuel Hacmosuwel cmambu.

duHaHcupoBaHue: PaboTta BbinonHeHa npu nogaepxke rpaHta PH® 22-21-00464 — «Paspabotka mogenew u
anroputMoB ynpaeneHns BUOTEXHNYECKMMU LLAraloLLyMn cuctemammy.
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Abstract

Purpose of research. The article is devoted to the development of an algorithm for controlling the movement of a
controlled mobile platform of a passive mechanotherapy ankle joint apparatus. One of the most common injuries
sustained by humans is damage to the ankle joint in sports, domestic, industrial exercises, and as a result of car
accidents. Falls from heights with a landing on the feet, including parachute jumps, also often result in ankle injuries.
In order to increase the effectiveness of rehabilitation, mechanotherapy is usually used. The relevance of the topic is
related to the high efficiency of robotic rehabilitation devices, which, thanks to back-linking and electrically controlled
actuators, can perform lower limb movements in an optimal way.

Methods. The structural diagram of the device control system has been developed. The proposed algorithm uses the
strategy of paralleling control actions with the use of corrective and reference controls to calculate control voltages.
Presence of force-moment feeling system enables to estimate change of reaction value in time and timely fix the
moment of spastic effects appearance, muscle contracture and automatically make changes in foot movement laws
in order to exclude patient's traumatisation and pain syndrome elimination.

Results. A methodology for constructing the desired dependence of foot rotation angles on time in the sagittal and
frontal planes is proposed. We have developed an operating algorithm for the laws of motion and decision-making
block, an algorithm for generating control voltages from the reference model, an operating algorithm for the voltage
correction block, and an operating algorithm for the reference model correction block. As a result of virtual tests on
the mathematical model of the device, we obtained the basic patterns of motion of the actuator in the form of
dependences of the rotation angle of the platform from the time.

Conclusion. The results of testing the device show that controlling the movement of the actuator for active-passive
mechanotherapy of the ankle joint using the algorithms described in the article is reasonable.

Keywords: ankle mechanotherapy; spastic effects and muscle contracture; device control algorithm; control voltage
generation; voltage correction.
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BBeAEHVIe BMCIIATCJILCTBA, pea6I/IJ'II/ITaHI/I$I MOKET

OBITh OCJIOKHEHA JUIUTEIBHOM HEIIOIBHK-

Cpem TpaBM HWKHUX KOHEYHOCTEH
P P HOCTBhIO cyctaBa [9-11]. Jlaxxe npu kaue-

Hanbosiee pacrpoCTpaHEHHBIMH  SIBIISFOTCS
CTBEHHOM JIEUEHUH, TPABMBI I'OJIEHOCTONA

TPaBMbI TUCTAIBHOTO OTJIENIa TOJICHH W JIO- o
MPUBOJAT K MHBaIUAHOCTU B 10-12% ciy-

JbDKEK, KOTOpPbIE IO JTAHHBIM JIUTEPaTypbl .
yaeB. [loaToMy BoccTaHoBiIeHHE QYHKUIUI

coctaBisiioT ot 12,0 mo 20,0 % ot Bcex 1re-
TOJICHOCTOITHOTO CycTaBa TpeOyeT WHAH-
PEIIOMOB OTIOPHO - IBUTATEIILHOTO armapara
(OIA) (B.M. Boskos, 1998, JI.Y. JlpixHe,

1991), u3 Hux B 12-39,8% cnyyaeB HabmrO-

BUIyaJIbHOTO MOAXOAA MJIA KaXAOoro na-
nueHTa. [l Toro, 4ToOBl CHU3UTH TPO-

LEHT OCJIO)KHCHUH IIUPOKO INPUMEHSETCS

HAr0TCA  HCYHOBJICTBOPUTCIIBHBIC HCXObI
MCTOJ HCHIPCPBIBHOIO ITaCCUBHOI'0 IBU-

JleYeHns], a JUITEIbHAs HETPYIO0CHoco0-
’ Y xenust (HITM). Jlast ero peanu3amnuu Io-

HOCTh cocTaBisieT oT 4 1o 8 mecsies [1-5].
CJICTHUE TOJIbI TOSBIISIOTCS MEIUIIMHCKHC

OpnHoil u3 Hambosee pacnpoCTPAHEHHBIX
npuOOpPhl MEXaHOTEPAITUH, MO3BOJISIOIINE

TpaBM, MOJy4YaeMbIX 4EJIOBEKOM, SIBISETCS
YCKOPUTB MPOLECC BOCCTAHOBJIEHUS 0OJIb-

HOBPEK/IEHNUE TOJICHOCTOIHOTO CyCTaBa IpU
P Y P Horo [12-15]. OcobenHo >pQexkTUBHBIMU

BBITTOJIHEHUN CIIOPTUBHBIX, OBITOBBIX, MPO- .
OKa3bIBAIOTCSA POOOTHU3UPOBAHHBIE YCTPOIA-

M3BOJICTBEHHBIX YIPAXHEHUH, a TaKkkKe B
CTBa peadWINTAIM, KOTOpbIe, Oiaaronaps

pe3ynbpTrare aBTOMOOWIIbHBIX aBapuid. Ila-
OOpaTHBIM CBSI3SIM M YIPABIISEMBIM JJIEK-

ACHUEC C BBICOTHI C MPU3EMJICHUEM Ha HO-
TPOIIpUBOAAM MOIYT BBIIIOJHATH IOBWKC-

', B TOM 4YHMCJIC IIPU BBINNOJIHCHHUU ITPBIXK- o
HUA HUXKHHUX KOHCYHOCTEHU OIITHMAJIbHBIM

KOB C MTAPALIIOTOM, TAK)K€ YaCTO IPUBOIUT
P ’ P cocooboMm [16]. Cosmanue Takux mpuOO-

K TPaBMHUPOBAHHUIO TOJIEHOCTOITHOTO CY- .
poB TpebyeT TIyOOKOHW MpOpabOTKH Teo-

craBa [6-8]. Ilo cratuctuke Gojee moj0- .
pUM B3aUMOJICHUCTBHS YEJIOBEKa M MeXa-

BUHBI TpaBM HHMKHUX KOHEYHOCTEH M OKO-
HuU3Ma, CO34aHuA 4Y€IOBCKO-MAallIMHHbBIX WH-

10 40% cCycTaBHBIX TpPaBM COCTaBIISIOT . .
TepdeiicoB, MaTeMaTUYeCKUX MoAenell u

TPaBMBI TOJICHOCTOITHOTO cycTaBa. Taxke
QITOPUTMOB  yTNpaBJIeHUs, oOecreynBalo-

U3BECTHO, 4TO 54% mepesioMoB U Mepeno-
IIMX 3aJaHHbIE TIOKa3aTenu KadecTBa. B

MO-BBIBUXOB TOJICHOCTOIIHOrO CyCTaBa
CTaTbC PACCMOTPCHBI BOIIPOCHI HUCCIICOOBA-

CIIy4aroTCsl B MOJIOZAOM BO3pacre, Koraa
HUS, pa3pabOTKA W CO3/IaHHS AJITOPUTMOB

YeJIOBEKY Ba)KHO COXPaHSITh TPYI0CIOCO0-
yrpaBlieHHs, OOECTeUMBAOIINX 3a/IaHHBIC

HocTb. [lociie TpaBMBI IPOUCXOIUT JUIH-
HOKa3aTean KadecTBa I pOOOTU3UPOBaH-

TeNbHBIN MpolecC JeueHus: U peabuauTa- .
HBIX amllapaToB MOCTTPaBMAaTUYECKON pea-

[IUU, B TOM YHCIIE, TTOCIIE XUPYPTUUECKOTO
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OWIHUTAIIMY TOJIEHOCTOITHOTO CyCTaBa Yello-
Beka [17-19].

MaTepMan bl U MeTOAbI

Ha puc.1 npusenena cxema mpudopa
AKTUBHO-TIACCHBHON MEXaHOTEpaluK TIo-
neHocronHoro cycraBa (AIIMI'C). 3mech
o0o3HaueHo: 1 — rojeHp, 2 — MaHXeTa

npubopa; 3,4,5 — NMHEWHBIE AIEKTPONPHU-

BOJIbI; 6 — cTOMa MalMeHTa; 7 — BEPXHL
wiargopMa CeHABHYA; § — HUXKHSIS IUIaT-
dbopma ceHABUYA; 9 — UBMEPUTEND CHJIBI.
3a cyeT M3MEHEHUs UIMH IPUBOJOB,
MO>KHO U3MEHSTH MOJ0XKEHHE TIaT(HOPMBIL,
COOTBETCTBEHHO, M CTOMNbI MAIUEHTA.
[apaupsr A1, Az, Az u Bi, B2, B3 cBs3bI-
BaIOT JIMHEWHBIEC IPUBO/BI C MIaTGopmMaMu

CceHABHUYA U MaH>KETOM T'OJICHH.

Puc. 1. Cxema npubopa AIriMIrc

Fig. 1. Schematic diagram of the APMGS device

Ocu BpameHust mwiathopM JTOJHKHBI
COBMAJaTh C OCHIO BpaIllEHUS TOJIEHO-
CTOITHOTO CYCTaBa B CarUTTaJIbHOH, (PpOH-
TAJIBHOM IUIOCKOCTAX. BakHo, 4YTOOBI B
11000l MOMEHT BpEMEHH MIHOBEHHAasl OCh
BpaleHus: MOOWJIBHOM MaTdopMbl Mpo-
Xoauia uepe3 3amaHHyro Touky O, ompe-
nenseMyto (U3HOIOTHIECKIMEI OCOOEHHO-

CTAMU TOJICHOCTOIIHOI'O0 CyCTaBa (TO"IKa

KOHTAaKTa BUJIKH OEpLOBBIX U TapaHHOMH

o * *
kocreil) [20]. IIpumem, uro @(t) ,w ()
ABJIFOTCS. YIVIAMH, ONPEICIIAIOIIUMHU I10-
BOpOT IUIATGOPMBI B CArUTTaIbHOH U
(dbpoHTaIbHON TUTOCKOCTX. [IpoBeneHHBIN
KMHEMATUYECKUN AaHalIu3 IO03BOJSAET pe-
mmTh, Kak npsamyto (II3K), tak u oGpart-

Hyto 3amaun kuaematuku (O3K), a Taxxe
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chopMyIHpOBaTh 3324y O IUIAHUPOBAHUU
JIOMYCTHMBIX TPACKTOPUH JBIKEHHS MO-
OmnpHOM TUTaTOpPMBI, 00ECTIEYHBAIOLITUX
IpUMEHEHHE MpOCTpaHCTBEHHBIX3D Tpa-
eKTopuil MOOMIIbHOM TIaTdopmel. Ha puc.
2 npuBeieHA CTPYKTYpHAs CXeMa CUCTEMBbI
yHIpaBieHUs IPUOOPOM.

Bri6op Bpauom pexuma peabuiamnra-
MU OMNpesessieT MPOorpaMMy JBHXKEHUMN
CTOIBl TMalKeHTa, (OpPMATN30BAaHHBIX B

BUJIE TAPAMETPHUECKUX yPABHEHHUIH
MO = (o), w(@)) . (1)
IIpy BHIOMHEHUH YCTOBUH A(f) <Z(t)0*,
rae A(f), - 06/1acTh JOIYCTHMBIX 3HAUCHHI

YIJIOB IOBOPOTAa. BakHBIM, SIBISETCA KOH-
TPOJIb 32 COCTOSIHUEM MBIIIEYHOW CHUCTEMBI
MAlMEHTa TPU BBINOJIHEHUN YIPAKHEHHU.
Hanuune cructemsl CHI0-MOMEHTHOTO OYYB-
CTBJICHUs IIO3BOJISCT OLICHUTh WM3MEHEHHE
BEJIMYMHBI PEAKIUU BO BPEMEHU U CBOE-
BPEMEHHO 3a(UKCHUpOBaTh MOMEHT BO3-
HUKHOBEHUS crHacTuueckux dhdexTos,
KOHTPAKTYpbl MBI WU AaBTOMATHUYECKH
IIPOU3BECTH M3MEHEHHE 3aKOHOB JBUKE-
HUS CTOIIBI C LIEJIBI0 UCKIIFOYCHUS TPaBMa-
TU3aLUU TalKeHTa U yCTpaHeHus: 00JyieBo-
ro cunapoma. Ilosromy, Bpau 3amaer mpe-
JICIIbHBIC 3HAYEHUS PEAKLUU MEXKIY CTOIIOU
nanyeHTa u miatgopmoii ceniuya R*.
Hanuune oOpaTHBIX CBsi3eil 1MO3BOJISA-
€T OIpEACNATh OTKIOHCHUE pPeaabHOIo
MOJIOKEHHS MIaT(GOpPMbI OT 3aJlaHHOTO B

BHJIE BEKTOPA

AL = (AQ(2), Ay (1))” 2)

1 BEKTOpa CHJIOBOI'O B3aMMOJEUCTBUS AR.

boptoBoii Beruucnurens (OJIOK TPUHSTHS

peleHuil) pemaer oOpaTHYIO 3afady Ku-
Hematuku (O3K) u ompenenser ypoBeHb

YIIPaBJIAIOIIKX HAIPSIKEHUN

T7 T

U:(U19U29U3) s (3)
MMOCTyHnaromux Ha JIMHENHEIE QJICKTPOIpPHU-

BOJbI, KOTOPLIC 00ecIeunBarOT N3MEHEHHE

TUTUH
L :(11512513)T- “4)
[Tonoxenune maarGopMbl KOHTPOIH-

pPYETCA JaTiuhMKaMH, ONPCACIIAONIMMU TC-

Kylque 3HAYCHUA

M) = (9(0),w(@®)', )
a TaKKe BEJIMYNHY PEeaKuu R.

B coorBerctBUEM €O CXeMOM OCy-
HIECTBIISICTCS YIIPABJICHUE TPEMS JJIEKTPO-
NPUBOJIAMH, 00ECIICUNBAIOIINMHE 3aIJaHHOE
IBIDKCHHWE CTONBI TanueHTa. B kadectBe
KaHAJIOB OOpAaTHBIX CBSI3€H HCHONIB3YIOTCS
JaHHBIE, PETUCTPUPYEMbIE IaTYNKaMH YT-
JIOB MTOBOPOTA 110 COOTBETCTBYIOIIUM OCSIM,
a TakKe MoKa3aTelll CHII0-MOMEHTHBIX J1aT-
YHKOB.

Ha puc. 3 npusenen anroputm pabo-
TBI OJIOKa 3a/1aHMsI 3aKOHOB JIBIKCHUS U
npuHATUs peweHni. B pa3paboTanHOM
aJITOPUTME /ISl BBIYUCICHHS YIPABIISIO-
IIAX HANPSDKEHUH TPUMEHSIETCS CTpaTer sl
pacnapayieIMBaHusl YIPABJISIONIMX BO3-

JNEUCTBUM C IIPUMEHEHUEM KOPPEKTUPYIO-

p— o T %
muX U U 3TaJOHHBIX ynpasienuit U .

T T et

U=U +u

' (6)

Ha puc. 4 nokaszan ainroput™m gopmu-
POBaHUS YNPABJSAIOIIMX HANpsHKEHUH 1O
sTajloHHOM Mozenu. Ha puc. 5 nmpusenen
ITOPUTM, WJUTIOCTPHUPYIOIUN (popmMHpo-

BAHUE KOPPEKTUPYIOIIUX HAIIPSIKECHUN.
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Puc. 2. CTpykTypHas cxema cucTembl ynpasneHus npubopom

Fig. 2. Schematic diagram of the appliance control system

Kputepuem xkadectBa pabOTHI JIO-
KaJbHBIX KOHTYpoB CAY mnpuHAT KBajapa-

TUYHBIN UHTEIPAIIbHBIA KPUTEPUH BUJA!

R=1{(C - g

i

Pe3ynbTaTtbl U UX 06CyXaeHue

Ha puc. 5 npencraBieHsl 3aBUCUMO-
CTH YIJIOB MOBOPOTa IUIaT(GOPMBI OT Bpe-
MEHH B CATUTTAIIBHOM IIJIOCKOCTH.

Ha pucynke mpeacTaBieHbl CleIylO-
mue 3aBucumoctu: Y(t) — Kemaemblit
yroJl MOBOpOTa IUIaT(GOPMBI OT BPEMEHU;
Y,(t) — yrom moBopora miIaTGopMbl OT
BPEMEHHU, PACCUMTAHHBIA C y4ETOM KOp-
PEKTHPYIOILEro CUrHajla U ATAJOHHOM MO-
nenu; Y, (t) — yroa moBopota miatgopmbl

OT BpeMeHHU 0e3 yueTa 3TaJOHHON MoJenu

B ainroputMe. B Tabn. 1 mpencraBieHs!

OTHOCUTEJIbHBIE OTPEIIHOCTH PadOTHI ajl-

ropuTMa.

Ta6nuua 1. OTHoCUTENbHbIE NOTrPELLUHOCTU
paboTbl anroputma

Table 1. Relative errors of the algorithm

C npuMeHeHueM
KOPPEKTUPYIOIIETO
CUTHAJIa B aJIr0-
purme / With the
use of a correction

signal in the algo-

C npuMeHeHuemM
KOPPEKTUPYIOLIETO
CUTHAJIa U TaJIOH-
HOM MOJIEJTIH B al-
roputme / With the

use of a correction

rithm signal and a refer-
ence model in the
algorithm
22% 5%
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Beoa vHAUBHTYATBHBIX
NapaMeTpPoB CTOTBI YeJI0BEKA
(c, m, J,h, 11, 12); =0

v

Bribop uHAHBHIYATEHO
NporpaMMe! peadHInTalHH
(TIP)
(ASRT)

Pacuer
OTKJIOHEHHH

Al AR

-

v |

Pacuer TanonHoM Koppektuposka napaMeTpos
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HOTEpAIUyU roJI€HOCTOIIHOrO cycrasa. Pas-
paboTaHa CTPYKTypHas CXeMa CHCTEMbI
ynpasieHus npudbopom. B npeanoxeHHom
QIrOPUTME Ui BBIYUCIICHUS YIIPaBJIAIO-
LUX HANPSKEHUM IPUMEHAETCS CTpaTerus
pacrnapasuleIMBaHus yNPaBIAIOIUX BO3-
JNEUCTBUM C IIPUMEHEHUEM KOPPEKTUPYIO-

IUX U JTaJOHHBIX ynpasieHuil. [Ipemio-

3aBHCHMOCTH YyIJla IMOBOPOTa CTOIBI OT
BPEMEHHU B CArUTTaJIbHOM IUIOCKOCTH U
¢bpoHTanpHON MiockocTsx. Hamuume 00-
paTHBIX CBSI3eH CHIJIO-MOMEHTHOTO B3aM-
MOJICHCTBHSI MTO3BOJISIET YUUTHIBATh COCTO-
SHUE TAalUeHTa (CTeNeHb CIACTUYHOCTH
MBIILIEYHON CUCTEMBI) IIpU (POpMUPOBAHUU

YIIPaBJIAIOIIKX HAIPSKECHUN.

JKE€Ha MCTOJUKAa ITOCTPOCHUA JKeJaeMon

Cnucok nutepaTtypbl

1. MaremaTuueckoe MOJETUPOBAaHUE XOIb0bI YEIOBEKa B PeaOUIMTALlMOHHOM 3K30CKe-
JeTe ¢ MoMoIIb0 MeToAa BuaeoaHanmsa moxoaku / A. C. Ileaypun, A. B. ®emnopos, A. C.
Snyn, C. @. Suyn // U3Bectusa KOro-3amamgnoro rocymapcrBeHHoro yHuBepcurtera. 2021;
25(3): 27-40. https://doi.org/10.21869/2223-1560-2021-25-3-27-40.

2. MonenupoBaHue SK30CKeIeTa ¢ THOPUIHBIM JIMHEHHBIM I'PaBUTAI[HOHHBIM KOMIICH-
caropom / A.E. Kapnos, A.A. Ilocroneusiii, A.B. ®enopos, C.®. Auyn // U3Bectusa KOro-
3amagHoro rocynapctBeHHoro yHusepcutera. 2020; 24(3): 66-78. https://doi.org/10.21869/
2223-1560-2020-24-3-66-78.

3. Studying the Two-Legged Walking System with Video Capture Methods / A. S.
Pechurin, S. F. Jatsun, A. V. Fedorov, A. S. Jatsun // In Climbing and Walking Robots Con-
ferencero 2021. Pp. 3-12. Springer, Cham.

4. Simulation of Static Walking in an Exoskeleton. Electromechanics and Robotics /
S. Jatsun, A. Yatsun, A. Fedorov, E. Saveleva // Springer, Singapore. P. 49-60

5. Jatsun S.F, Fedorov A.V., Yatsun A.S. Models and algorithms of control system of
active-passive mechanoterapevtic device. RusAutoCon, 2022, Russia, pp.129-135.

6. IImutpues B. A., ®énopoB A. B., Anp M. X. X. AHanu3 KauyeCTBEHHbIX ITOKa3aTesen
MIPOMBILIIEHHOTO 3K30CKeNleTa Ha OCHOBE KOMILIEKca Kputepues // Bonpocsl MeTogonorun
€CTECTBO3HAHUS M TEXHUYECKHUX HayK: COBpEMEHHBIN KOHTeKcT. benropon, 2019. C.131-135.

7. Pactipeienienrie sHepro3arpar B cucTeMe 4enoBek-sk3ockerneT / B. M. Antumnos, A. E.
Kapnog, A. B. ®énopos, M. X. X. Anb // Bompocsl METOI070THN €CTECTBO3HAHUS U TEXHU-
YEeCKUX HayK: COBPEMEHHBIN KOHTEKCT. benropon, 2019. C.109-112.

8. ®EénopoB A. B. AHanu3 KayeCcTBEHHbIX MTOKa3aTesIel anmapara [l IaCCUBHOM MeXa-
HOTEpaIHH rOJIEHOCTOITHOTO CYCTaBa Ha OCHOBE KOMILIeKca KpuTtepres // IHHOBaTHKa B co-
BPEMEHHOM MHPE: OIBIT, IPOOJIEMBI U TIEPCICKTHBBI Pa3BUTHs: COOPHUK HAYYHBIX CTATCH
no MarepuanaMm MexayHapoaHoil HaydHO-TexHuueckoi koHgepenuuu (Iudp K-276).
VYa, 2022. C.20-24.

M3BecTus FOro-3anagHoro rocygapcTBeHHoro yHueepcuteTa / Proceedings of the Southwest State University. 2022; 26(4): 75-87



KHsses A.A., ®egopos A.B., AuyH A.C. AnropunT™ ynpaeneHuns ABWKEHNEM UCTIONHUTENBHOTO MEXaHN3Ma. .. 85

9. Kusze A. A. KomnbioTepHOoe MOAETMPOBAHUE PEaOUIUTAIIMOHHOTO KOMIUIEKCA C
npumenenneM no «MATLAB/SIMULINK» // lHHOBanMOHHBIA MOTEHIMAT pa3BUTUS 00-
IIECTBA: B3TJISA MOJIOJBIX yUeHbIX: 2-1 Becepoccuiickas Hay4Hasi KOH(EpeHIHs TepCIeKTHB-
HBIX pa3padortok. Kypck, 2022. C. 70.

10. New Approaches to Rehabilitation of the Ankle Joint Using a Mechanotherapeuti-
cApparatus / S.M. Jatsun, A.S. Jatsun, A.N. Rukavitsyn, E.N. Politov et al. / BiomedEng.
2018. 52. 37-41.

11. Jatsun S.M., Jatsun A.S., Korenevskiy N. Experience in the Development of Reha-
bilitation Exoskeletons // Biomedical Engineering. 2017. T. 51. Ne 3.

12. Jatsun S.M., Jatsun A.S., Rukavitsyn A.N. Designing a Mechanotherapy Device for
Rehabilitation of Lower Extremities of Humans // Biomed Eng. 2016. 50; 128—-133.

13. Jamwal P., Hussain S., Xie S. Restage design analysis and multicriteria optimization
of a parallel ankle rehabilitation robot using genetic algorithm // IEEE Transactions on Au-
tomation Science and Engineering. 2014. Vol. 12. Ne 4. P. 1433—-1446.

14. Design and kinematic analysis of redundantly actuated parallel mechanismsfor ankle re-
habilitation / C. Wang, Y. Fang, S. Guo, and C. Zhou // Robotica. 2015. Vol.33. Ne 2. P. 366384,

15. A New Type of Ankle-Foot Rehabilitation RobotBased on Muscle Motor Character-
istics / D. Zeng, H. Wu, X. Zhao, W. Lu, XuelinLuo // IEEE Transactions on Automation
Science and Engineering. 2020. Vol. 8. P. 189-195.

16. Altering gait variability with an ankle exoskeleton / P. Antonellis, S. Galle,
D. D. Clercq, P. Malcolm // PLoS One. 2018. Vol. 13, Ne 10, Art.no. €0205088.

17. Cervantes-Sanchez. Robot-assisted ankle rehabilitation: a review, disability and re-
habilitation / Marian G. Alvarez-Perez, Mario A. Garcia-Murillo, J. Jesus // Assist Technol.
2020;15(4):394-408.

18. Design and Workspace Analysis of a Parallel Ankle Rehabilitation Robot (PARR) /
L. Zhang, J. Li, M. Dong. et al. // Journal of Healthcare Engineering. Vol. 2019, Article ID
4164790, 10 pages.

19. Jamwal P.K., Xie S., Aw K.C. Kinematic design optimization of a parallel ankle re-
habilitation robot using modified genetic algorithm // Robot Autonom Syst.
2009;57(10):1018-27.

20. Vallés Marina, Cazalilla José, Valera Angel, et al. A 3-PRS parallel manipulator for
ankle rehabilitation: towards a low-cost robotic rehabilitation // Robotica. 2017; 35:1939-57.

References

1. Pechurin A. S., Fedorov A. V., Jatsun A. S., Jatsun S. F. Mathematical Modeling of
Human Gait in a Rehabilitation Exoskeleton Using Gait Video Analysis Method. Izvestiya

Yugo-Zapadnogo gosudarstvennogo universiteta = Proceedings of the Southwest State Uni-
versity. 2021; 25(3): 27-40 (In Russ.). https://doi.org/ 10.21869/2223-1560-2021-25-3-27-40.

M3BecTns KOro-3anagHoro rocygapcTBeHHoro yHueepcuteTa / Proceedings of the Southwest State University. 2022; 26(4): 75-87



86 UHhopmaTuka, BelMMcnnTeNbHas TexHWKa 1 ynpaeneHye / Computer science, computer engineering and control

2. Karlov A. E., Postolny A.A., Fedorov A.V., Jatsun S. F. Simulation of an Exoskeleton
with a Hybrid Linear Gravity Compensator. lzvestiya Yugo-Zapadnogo gosudarstvennogo
universiteta = Proceedings of the Southwest State University. 2020; 24(3): 66-78 (In Russ.).
https://doi.org/10.21869/2223-1560-2020-24-3-66-78.

3. Pechurin A. S., Jatsun S. F., Fedorov A. V., Jatsun A. S. Studying the Two-Legged
Walking System with Video Capture Methods. In Climbing and Walking Robots Conference,
2021, pp. 3-12. Springer, Cham.

4. Jatsun S., Yatsun A., Fedorov A., Saveleva E. (2022). Simulation of Static Walking in
an Exoskeleton. Electromechanics and Robotics, 2022, pp. 49-60. Springer, Singapore.

5. Jatsun S.F., Fedorov A.V., Yatsun A.S, Models and algorithms of control system of
active-passive mechanoterapevtic device. RusAutoCon, 2022, Russia, pp.129-135.

6. Dmitriev V. A., Fedorov A. V., Al M. H. [Analysis of industrial exoskeleton qualita-
tive performance based on a set of criteria]. Voprosy metodologii estestvoznaniya i tekhnich-
eskikh nauk: sovremennyi kontekst [Issues in the methodology of natural and technical sci-
ences: contemporary context]. Belgorod, 2019, pp.131-135 (In Russ.).

7. Antipov V. M., Karlov A. E., Fedorov A. V., Al M. H. H. [Energy distribution in the
human-exoskeleton system]. Voprosy metodologii estestvoznaniya i tekhnicheskikh nauk:
sovremennyi kontekst [Issues in the methodology of natural science and engineering: con-
temporary context]. Belgorod, 2019, pp.109-112 (In Russ.).

8. Fedorov A. V. [Analysis of quality indicators of ankle passive mechanotherapy device
based on a set of criteria]. Sbornik nauchnykh statei po materialam Mezhdunarodnoi nauch-
no-tekhnicheskoi konferentsii "Innovatika v sovremennom mire: opyt, problemy i perspektivy
razvitiya" [Collection of scientific papers on proceedings of International scientific-technical
conference "Innovatika in modern world: experience, problems and perspectives of devel-
opment"]. Ufa, 2022, pp.20-24 (In Russ.).

9. Knyazev A. A. [Computer simulation of rehabilitation complex using MATLAB/
SIMULINK]. 2-ya Vserossiiskaya nauchnaya konferentsiya perspektivnykh razrabotok Inno-
vatsionnyi potentsial razvitiya obshchestva: vzglyad molodykh uchenykh [The 2nd All-
Russian Scientific Conference of Advanced Developments Innovative potential of society
development: a look at young scientists]. Kursk, 2022, 70 p. (In Russ.).

10. Jatsun S.M., Jatsun A.S., Rukavitsyn A.N., Politov E.N. et al. New Approaches to
Rehabilitation of the Ankle Joint Using a MechanotherapeuticApparatus. BiomedEng, 2018,
52,37-41.

11. Jatsun S.M., Jatsun A.S., Korenevskiy N. Experience in the Development of Reha-
bilitation Exoskeletons. Biomedical Engineering, 2017, vol. 51, no. 3.

12. Jatsun S.M., Jatsun A.S., Rukavitsyn A.N. Designing a Mechanotherapy Device for
Rehabilitation of Lower Extremities of Humans. Biomed Eng, 2016, 50, pp. 128—133.

M3BecTus FOro-3anagHoro rocygapcTBeHHoro yHueepcuteTa / Proceedings of the Southwest State University. 2022; 26(4): 75-87



KHsses A.A., ®egopos A.B., AuyH A.C. AnropunT™ ynpaeneHuns ABWKEHNEM UCTIONHUTENBHOTO MEXaHN3Ma. .. 87

13. Jamwal P., Hussain S., Xie S. Restage design analysis and multicriteria optimization
of a parallel ankle rehabilitation robot using genetic algorithm. [/EEE Transactions on Auto-
mation Science and Engineering, 2014, vol. 12, no. 4, pp. 1433—1446.

14. Wang C., Fang Y., Guo S., Zhou C. Design and kinematic analysis of redundantly actu-
ated parallel mechanismsfor ankle rehabilitation. Robotica, 2015, vol.33, no. 2, pp. 366-384.

15. Zeng D., Wu H., Zhao X., Lu W., XuelinLuo A New Type of Ankle-Foot Rehabili-
tation RobotBased on Muscle Motor Characteristics. I[EEE Transactions on Automation Sci-
ence and Engineering, 2020, vol. 8, pp. 189-195.

16. Antonellis P., Galle S., Clercq D. D., Malcolm P. Altering gait variability with an
ankle exoskeleton, "PLoS One, 2018, vol. 13, no. 10, Art.no. e0205088.

17. Marian G. Alvarez-Perez, Mario A. Garcia-Murillo, J. Jests Cervantes-Sanchez.
Robot-assisted ankle rehabilitation: a review, disability and rehabilitation. Assist Technol.
2020;15(4):394-408.

18. Zhang L., LiJ., Dong M.. et al., Design and Workspace Analysis of a Parallel Ankle
Rehabilitation Robot (PARR). Journal of Healthcare Engineering, vol. 2019, Article ID
4164790, 10 pages.

19. Jamwal PK, Xie S, Aw KC. Kinematic design optimization of a parallel ankle rehabili-
tation robot using modified genetic algorithm. Robot Autonom Syst. 2009; 57(10):1018-27.

20. Vallés Marina, Cazalilla José, Valera Angel, et al. A 3-PRS parallel manipulator for
ankle rehabilitation: towards a low-cost robotic rehabilitation. Robotica. 2017; 35:1939-57.

UHcopmaumsa o6 aBTopax / Information about the Authors

KnsszeB Anapeii AnexkcanapoBu4, MarucTpaHT, Andrei A. Knyazev, Master Student,
Kagenpa «MexaTpoHHKa U pOOOTOTEXHUKAY, Mechatronics and Robotics Department,
IOro-3amagHbiii roCy1apCTBEHHBIA YHUBEPCUTET, Southwest State University,

r. Kypck, Poccuniickas denepanus, Kursk, Russian Federation,

e-mail: ak290599@yandex.ru e-mail: ak290599@yandex.ru

®enopoB Anapeii BaagumupoBuy, acnupanrt, Andrei V. Fedorov, Post-Graduate Student,
Kagenpa «MexaTpoHHKa U poOOOTOTEXHUKAY, Mechatronics and Robotics Department,
IOro-3ananuelii rocy1apcTBEeHHBI YHUBEPCHUTET, Southwest State University,

r. Kypck, Poccuniickas ®enepanus, Kursk, Russian Federation,

e-mail: newteormeh@inbox.ru e-mail: newteormeh@inbox.ru

SAuyn Auapeii CepreeBuy, kanauaat texandeckux — Andrey S. Yatsun, Cand. of Sci. (Engineering),

HayK, JOICHT Kadenpsl «MexaTpoHHKa Associate Professor, Mechatronics and Robotics
1 pobororexHukay, FOro-3amnaaHblii Department, Southwest State University,
TOCYJapCTBEHHBIN YHHUBEPCHUTET, Kursk, Russian Federation,

r. Kypck, Poccuniickas ®enepanus, e-mail: teormeh@inbox.ru

e-mail: teormeh@inbox.ru

M3BecTns KOro-3anagHoro rocygapcTBeHHoro yHueepcuteTa / Proceedings of the Southwest State University. 2022; 26(4): 75-87



