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AHHOTaNMS

BBenenue. PaccmoTpena meToamka pacueTa OMOMEXaHUYECKUX XapaKTEPUCTHK TOJICHOCTOIHOTO CyCTaBa: KeCTKOCTH
CyCTaBa 1 MOMEHTOB MHEPLHUH CTOIMBL. B OCHOBY HMCCIIeIOBaHUI TTOIOKEHBI SKCIIEPUMEHTAIbHBIC JAHHBIC CTUOAHUS-
pa3rubaHusA-poOTAIIUU TOJIEHOCTOHOTO CyCTaBa M PEaKLUH CTOMBI IPH XOIb0e, MOIyYeHHBIE B T1a00paTopuu
KHHE3UOJIOTUH 1 OroMexaHuku Tapryckoro yHuBepcutera Dctonun. Metoa. [Ipu pacdere MOMEHTOB MHEPIIUH CTOIIBI
MPUMEHEH 3aKOH COXPAaHEHUsI KWHETUYECKOTO MOMEHTA C UCIIOIb30BAHUEM JIAHHBIX O PEAKIUK CTOIBI U MOCIIeAyIomen
OIIEHKH HUMITYJIbCA PEAKTUBHON CHIIBL. J{JI OLIEHKH KECTKOCTH TOJICHOCTOITHOTO CyCTaBa MCIOJb30BaHbI JaHHBIE
JKcIeprMenTa B (hase repeHoca crorbl. OCHOBHBIE pe3yabTaThl. Ha 0CHOBaHUM SKCIIEPUMEHTANBHBIX JIAHHBIX PEAKIIAI
CTYITHH U IaHHBIX MapKEPOB 110 YIJIOBBIM IEPEMELEHUSAM PACCUUTAHBI MOMEHTBI MHEPLIMU CTOIBI OTHOCUTENIBHO ABYX
oceif TOIeHOCTOMHOTO cycTaBa. J{/is OL[EHKH JKECTKOCTH CyCTaBa HCIOIB30BaHbI IaHHbBIE dKCIIEPUMEHTA B (hase repeHoca
CTOIIBI C TMOCTEAYIONIMM MOJICIMPOBAHNEM €€ JBIKEHHUS B 3Toi (haze. OOcy:kaeHHe. Pe3ynpraTsl uccienoBanus
MOTYT TIOMOYb B pazpaboTke poOOTOB ¢ HIKHHUMH KOHEYHOCTAMHU. Kpome Toro, THHEHKY JaHHBIX 10 KECTKOCTIM
TOJICHOCTOITHOTO CyCTaBa MOYKHO HICIIOJIB30BaTh B KAYECTBE OCHOBBI IIPH Pa3pabOTKe MPOTOKOIOB PeaOMITUTAIINN CyCTaBa
JUIS1 KOHKPETHOTO Mal[ueHTa.
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Quantification and modeling of ankle biomechanical characteristics
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Abstract

Calculation method for ankle joint biomechanical characteristics is developed: gear relation, ankle joint rigidity, foot
inertia moment. The basis of research is the experimental data on flexion-extension-rotation movement of ankle joint
and foot walking reaction obtained in the laboratory of kinesiology and biomechanics of the Tartu University, Estonia.
Conservation principles of angular momentum were used for foot inertia moments calculation. Angular momentum was
calculated according to foot reaction and further estimation of reactive force impulse data. The free transfer dynamics
method (FTD-method) was suggested that allowed assessing ankle joint rigidity. Ankle joint gear relation has been
calculated for the first time. Foot inertia moments in reference to two ankle joint axes have been calculated on the basis of
foot reaction experimental data and angular movement markers data. Experimental data in the phases of foot transfer with
further foot movement modeling in this phases have been used in order to assess ankle joint rigidity. Practical relevance
of this research is defined by the perspective of further researches and experiments, for example, with the usage of inertial
sensors for personalized walk data assessment for patients with remote condition monitoring and information transfer to
rehabilitation centers. The given assessments of angle joint rigidity are useful for biomechatronic systems engineering.
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BBenenue

HccnenoBanne OHOMEXaHUKHU CTOIIBI U TOJICHOCTOITHOTO
cycrasa (I'CC) BaxxHO Ju1st HOHUMaHMs! (DYHKIIMOHUPOBAHUS
HIDKHEW KOHEYHOCTH. B HacTosmet paboTe BBITOTHEH
rocnenoBareNbHbIN aHamu3 kuHematuku ['CC mpu xoas0e
o AWHAMOMeTpudeckoi mardopme. CHHTE3 CHIIOBBIX U
KHHEMAaTHIECKUX JTaHHBIX JJaJl OCHOBAHNE PAa3BUTHIO IO~
XOJIOB OTIPE/ICTICHNST MOMEHTOB WHEPIIUH CTYITHH, a TaKKe
s)ectroctr I'CC, kak KOMOMHUPOBAHHOTO COMPOTHBIICHHSI
MBI, KOCTeH 1 CBs130K. [Togo0HbIe HcciieqoBaHus CIo-
COOCTBYIOT OOHOBJICHHUIO SKCIIEPUMEHTAIBHBIX TaHHBIX U
Pa3BUTHIO TCOPETHUCCKON 0a3bl CHHTE3a OMOMEXaTpOH-
HBIX U POOOTOTEXHUYECCKHUX cUcTeM. [lomyueHHas Oa3a
oJie3Ha JUIsl CTeUaTuCTOB MEAUIIMHCKUX U CIIOPTUBHBIX
o0JacTell — Mpu CO3IaHUM MTPOTOKOJIOB peaOMITHTAINH, a
TaKXKe MMPH IUTAHUPOBAHHUHU JOCTIKAMBIX TpaBMoOe3ormac-
HBIX Noka3zaresnel [1-6], B ToM yuciie CKopocTel, yCuiuii,
JeCTBUI Yy NAMEHTOB U COPTCMEHOB. HayuHblil non-
XOJ[ TIO3BOJIMJT YCTAHOBUTH CBSI3M MEKIy KHHEMaTH4e-
CKHMH TIapaMeTPaMH OTIOPHO-ABUTATEIILHON CHCTEMBI 1
€€ BOBMOKHOCTSIMU KaK JUHAMHUYECKOH cuctemsbr [7—10].
Oco0oe BHUMaHMeE yieneHo uccienopanuto potammii ['CC.
JlaHHOMY BOIPOCY MOCBSAIICHBI paboThI [1, 2, 5], rme po-
Talus TapaHHOM W MATOYHOM KOCTEW MpeacTaBiIeHA Kak
npeoOpa3oBaHUE KPYTAIIETO MOMCHTA HIKHEH KOHCUHO-

ctr. Mcronp30Banue anmapaTHo-KOMITBIOTEPHBIX CPEJICTB
00paboTku nHopMaruu [11-14] mo3BonmIO EpEeHTH K
CHHTE3Y JTaHHBIX KHHEMATUKH 1 JTHHAMUKH C IIEJIbIO Oy~
YEHHS PACYCTHBIX (PH3UKO-MEXaHHIECKUX XapaKTEPUCTHK
I'CC u ompenenuts HampaBieHHE pabOT MO CO3IaHUIO
COOTBETCTBYIOIINX OMOMEXaTPOHHBIX cucTeM. Llens pado-
Thl — pa3BUTHE METOJIMKHU OMpEICICHHs OMOMEXaHnYe-
ckux xapakrepuctuk I'CC.

Kunemaruka rojieHoCTOIHOIO cycraBa

Jlnist nccneioBaHus MCIONB3yeM KCTIEPUMEHTAIBHBIC
JTAaHHBIE 110 MOAOIIBEHHO-THIIBHOMY Pa3rHOaHHIO-Crubda-
uuto (AnkleDorsiPlantarflex) u yrmoBoi#l poTanuu CTOIBI
(FootProgressionAngle) o6enx Hor: jieBoil u npasoid. Ha
puc. | n3o0pakeHa IUKJIOrpaMMa Iara.

Cucrema KOOpJUHAT MPEJICTABICHA B CATUTTAIBHOM
TUTOCKOCTH JIByMSI OPTOTOHAJIBHBIMHU OCSIMH, OJIHa U3 KOTO-
PBIX JKECTKO CBfA3aHA ¢ 0Cchio rojgeHu. OtMerum, uro 60 %
kI mara (puc. 1) 0003HavaroT TOIBKO MMOCIIE0BaTEIb-
HocTh KoH(urypauuit ['CC B ¢a3e KOHTaKTa ¢ ONOPHOH
MOBEPXHOCTHIO. [Ipy MATOUHOM KOHTaKTe HAOIIOJAeTCS
MOJIOMIBEHHOE pa3rubaHue — yrou \, Ipu HOCOUHOM
KOHTAaKT€ — TBIJIbHOE CTHOAHNE C OTCUETHBIM YTIIOM 5.
TpeTbst KOH(PUTypaIUs BIUCHIBACTCS B OPTOrOHAIBHBIE
OCH MPUHSITON CHCTEMbI KOOPANHAT — IIOJHOE OIMPAHUE
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KonuyecTtBeHHada oueHKa 1 MOAEeNMpOBaHne BrIoMexaHMYeCKNX XapakKTepUCTUK roneHoCTONHOro cyctasa
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Puc. 1. uxnorpamma mmara: nonssii muki mara (100 %); moau nuknos mara mpu koHTakTe (60 %) n npu nepenoce cromsl (40 %).

| — TIATOYHBIN KOHTAKT; 2 — IOJIHOE OIMPAHKE CTOIBI; 3 — TOYKAa B MOMEHT II€pexo/ia Ha HOCOUHYIO ONopy; 4 — TOYKa HPEIeIbHOTO
HOCOYHOTO KOHTaKTa; 5 — TOYKa B MOMEHT Iepexo/ia B (ha3y mepeHoca cTorbl; 6, 7 — TOYKH B (pase nmepeHoca; § — TOo4Ka MSITOYHOTO
KOHTAaKTa B MOMEHT 3aBepiieHus (asel nepenoca; Q, ¥ — xonebaresibHble BHKEHUS B TOYKE O

Fig. 1. Step cyclogram: full step cycle (100 %); proportion of step cycles during contact (60 %) and during foot swing (40 %).

1 — heel contact; 2 — full support of the foot; 3 — point at the moment of transition to the toe support; 4 — point of extreme toe contact;
5 — point at the moment of transition to the swing phase of the foot; 6, 7— points in the transfer phase; § — point of heel contact at the end
of the swing phase; Q, ¥ — oscillatory movements at point 6

crombl. B nensix yno6cTBa 00pa3HOro npescTaBiIeH st dTH
KOH(HT'YpaIMy Ha PUCYHKE MPOCTPAHCTBEHHO PAa3HECEHBI.
[Tpu onope Ha WATKY BO3HMKAET BpAIAIOIIUIl MOMEHT B
CaruTTaJbHON INIOCKOCTH M COIyTCTBYIOIIMH Bpaliaro-
[T MOMEHT B OTIOPHOH IJIOCKOCTH. BBemem o6o3Hade-
HUSl COOTBETCTBYIOIINX YTJIOBBIX CKOpOCTei: Qf, Q,,
pan/c. IlepBbie HHAEKCHI COOTHOCATCSA C IIIOCKOCTSAMH,
BTOpBIE — ¢ 0003HaUeHUsAMH ToueK. [Ipu omope Ha HOCOK
TaKKe€ BO3HUKAIOT Bpalllalolliie MOMEHThl. B onopHoit
MIJIOCKOCTH MOMEHTY COOTBETCTBYET yTJIOBasi CKOPOCTh
Q,4, a B caruTTanabHoM muockoct — Q4. Paza nepeHoca
CTOIbI 0003HAYCHA YCIOBHOM JIyroi ¢ Toukamu 3, 6, 7, 8.
B atoii (pa3e cTymHs coBepIIacT KOJIeOATEIbHBIC IBUKE-
Hust: () — OTHOCHUTENBHO OCH, CBSI3aHHOM C TOJICHBIO U
Y(f) — B caruTTaJIbHOM INIOCKOCTH.

OTpe30k NpsIMOH ¢ TPaHUYHBIMU TOUKaMU 3, 8 oIpe-
JIeTsIeT JUIMHY mara. B paboTe ncronb30BaHbl CHHXPOHH-
3MPOBaHHBIE SKCIEPUMEHTAIBHBIC JAHHBIE CUCTEMBI JUIS
3axBara JABMWKCHHUH 110 MCCIIEOBAHUIO KHHEMATHKN XOABOBI
1 TUHAMOMETPHUYECKON CHCTEMBI.

Ha puc. 2 npencrasieHbl rpad)dKy YIJIOBBIX CTHOAHUI
(TBUIBHOTO U TIOJJONIBEHHOTO — CTOIIBI JUIs JIEBOW HOTH B
CaruTTaJbHOM TNIOCKOCTH ¥ POTAIIMOHHBIX MOBOPOTOB B
MIJIOCKOCTH OMOPHI OAHOTO U3 YYaCTHUKOB IKCHEPUMEH-
TajgbpHOTrO npoekra: m = 70 kr, » = 0,2 M (Macca UCIBITY-
€MOT0 1 pa3mMep ero crynHu). Touku / u 7 (puc. 2) coot-
BETCTBYIOT MOMEHTAM IOJIOLIBEHHOTO CTHOAHUS CTOIIBI 110
aHaJoruu ¢ puc. 1.

b————

0 20 40 60 80 100
Hukn, %

Puc. 2. Tpaduku THUIBHOTO M TTOJIOIIBEHHOTO YIJIOBBIX
cruOaHuit CTOMBI (CTUTIOIIHAS JIMHUS ) [T JICBOH HOTH
B CarUTTAJBHOM IMIOCKOCTH M POTALMOHHBIX TIOBOPOTOB
B TUTOCKOCTH ONOPBI (ITyHKTHPHAS JINHHSA)
Fig. 2. Ankle Dorsi-Plantarflexion: graphs of dorsiflexion and
plantar flexion of the foot (solid line) for the left leg in the sagittal
plane and rotational turns in the plane of support (dashed line)

B Tabmn. | mpencTaBieHs! 3HAYCHUS N3MEPEHHBIX BEITH-
4yiH. BenmnunHa ¢ T03BOMISIET OT MEpPhI LIMKJIA OCH a0CIIHCC
Mepexo/IuTh K Mepe BpeMeHu. Tak, Hanpumep, JJis JIEBOU
HOTH JIONIe IIUKJIA II1ara COOTBETCTBYET BEIUYMHA, PaBHAs
otHomenuro ¢ = 0,49/100. A s npaBoit HOTM — OTHO-
mwenuto ¢, = 0,44/100.

Vcnonp3yeMm A71st pacueToB OLIEHKH YITIOBBIX CKOPOCTEH
Q14 1 Q5. JIuHeapu3upyeM BeTBU KPUBBIX Ha (h)parMeHTax
mukia 40-60 % c ucnonp3zoBaHueM Mep 4 1 ¢,.. Toraa nomy-

Tabnuya 1. icxomaHbie JaHHBIC
Table 1. Initial date

M3mepeHHbIe BETMIUHbI
Hora
JlnmuHa cTOTEI 7', M CKOpOCTh JABMKEHUS HCIBITYEMOTO V, M/C Jnmna mara S, M Bpewms nukna mara ¢, ¢
JleBas 0,2 1,38 0,68 0,49
[paBas 0,2 1,45 0,65 0,44
522 Hay4HO-TexHn4eckunii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2024, Tom 24, N2 3

Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3



B.M. Mycanumos, C.10. lNepenenkuHa, E.H. laneesa, M.A. lNMaacyke, A.9. pennHe, M.A. Epocdees

Tabauya 2. PacueTHble 3HAYEHHS YIIIOBBIX CKOPOCTEH U 4aCcTOT COOCTBEHHBIX KOJIeOaHH

Table 2. Calculated values of angular velocities and frequencies natural

PaccunTaHHbIE BEINYHHBI
Hora
Qg ¢! Qyy, ¢! /4 k,c! p,c!
JleBas 4,11 2,41 1,67 15,57 40,80
Ipasas 3,30 4,52 0,73 36,22 32,61

Puc. 3. BeckonrakTHast koyiebarenbHast (haza CTOIBI: THUIEHOTO
1 TTOJIOLIBEHHOT'0 YIIOBbIe CTUOAHMS CTOMBI (CIIJIOIIHAS JIMHUS )
JUISL IEBOM HOTH B CaTUTTANIbHOM TIIOCKOCTH 1 POTAIMOHHBIX
MOBOPOTOB B INIOCKOCTH OMOPHI (ITyHKTUPHAS JTHHUS)

Fig. 3. Non-contact oscillatory phase of the foot: dorsiflexion
and plantar flexion of the foot (solid line) for the left leg in
the sagittal plane and rotational turns in the plane of support
(dashed line)

YHMM IPH pacyeTe TAHTCHCOB YIJIOB HAKJIOHA MPSIMBIX — HC-
KOMBIE YIJIOBBIE CKOPOCTH. 3HAUYCHHS YIIOBBIX CKOPOCTEH
1 MepelaTOuHbIX OTHOIIEHNH W = Q,/Q,,4, IpeCTaBICHbI
B Tabm. 2.

@aza nepenoca cromsl 60—-100 % c yaeTom Mepsl Bpe-
MEHHU COOTBETCTBYeT 3HadeHusM oT 0 mo 0,176 c, mpen-
CTaBJICHHBIM Ha OTcYeTax ocu adciuce (puc. 3) uist IeBOi
Horu. BujHO, 4TO cTOma coBepmiaeT cBOOOIHBIE Koleha-
TCIBHBIC ABUXKXCHUSA C HaCTOTAMMU: k B CaruTTaJbHOM IIJI0-
CKOCTH; p B IINIOCKOCTH OIIOPbI, BEIYUCJICHHBIC 3HAYCHUA
KOTODBIX ITPUBEJICHBI B Ta0I. 2.

Ill/IHaMI/IKa TOJICHOCTOITHOI'0 CyCTaBa

PaccMoTpuM SKCIIEpUMEHTAIIBHBIE JTaHHBIE O COCTaB-
JIAIOUIMX OTMOPHBIX CHJI PEaKLMU: BEPTUKANbHON F| B ca-

a

120 . . . . .

80 1
X
<9

40 + |

O i " n n 1 "
0 20 29(0,0c) 40 58 (0,139 ¢)
Hukn, %

rutTanbHol miockoctu (VerticalForce) u F, B onopHOit
iockoctu (MedialLateralForce). Ha puc. 4 nmokazansl
3aKOHOMEPHOCTH U3MEHEHHs OMOPHBIX peakiuii B dasze
KOHTAKTa CTOIBI C OMOPHOI MOBEPXHOCTHIO JIJIS JIEBOH
HorH Jfois nukia mara 60 %.

LlenecoobpaszHoO MPOU3BOANTH COIOCTABUTENHHBIN aHa-
nu3 puc. 2 u puc. 4. OcTaHOBUMCS Ha aHaJIU3€ 4yacTel
rpaduxoB puc. 4 Ha nHTEpBaNe 29-58 % 1uKIa, 4TO COOT-
BETCTBYET MpoMexxyTKy BpemeHu 0-0,139 c. Dtu nnTep-
BaJbl 0003HAYCHBI METKaMH Ha OCH adcice VMmymbebt
paccMaTpuBaeMbIX CHJI B JaHHOM MHTEPBajIe KOHEUHBI.
BBeziem 0003HaueHNE UMITYJIBCOB B BHJIE:

0,139
0= [ Fdt
0

OTtMeTnM, 9TO Ha rpadukax puc. 2 BUIHO, 4TO HA STOM
K€ MHTEpBaJIe MPOUCXOUT HM3MEHEHHE YIIIOBBIX CKOPOCTEH
crubanus/pa3sru0aHus CTyITHU 110 BETUYHHE W HaIllpaB-
nenuto. Takum oOpa3om, HabIOHaeMoe sSBIEHUE, KaK C
TOYKH 3PEHUS TUHAMUKH, TaK ¥ KHHEMAaTHUKH OTHOCHT-
cs X ymapHomy siBienmio [15, 16]. Ha paccmarpuBaemom
MIPOMEXKYTKE BPEMEHH yAap COBEPILACTCS HOCKOM CTYII-
HU, BCJICACTBUEC YE€TO CBA3b CTYITHU C OHOpHOfI IMOBEPXHO-
CTHI0O MTHOBEHHO Pa3pyIIaeTcsi, a cama CTYIHS K TOMY JKe
MOJTY4aeT Mapy yIJIOBBIX CKOPOCTEH: YITIOBYIO CKOPOCTb
Q,4 BpallleHNs] BOKPYT OCH TOJCHHU B TOYKE 5 U YIJIOBYIO
CKOpOCTh BpameHust ;4 B pase ThIbHOTO CrudaHus B
CaruTTabHOU TUIOCKOCTH (puc. 1). B manpHeiimem Oymem
UCIIOJIb30BATh TOJBKO IEPBbIC HHICKCHI B 0003HAYCHHSX
paccMaTpUBaEMBbIX YITIOBBIX CKOPOCTEH.

B Tabmn. 3 npuBeieHb! BEIMHUCIICHHBIE 3HAUEHHUS NMITYIIb-
0,139 0,139

coB MoMeHTOB Q1 u Qy: Q1= [ Fidin Q,= [ Fadt
0 0

s uaTepBana 0-0,139 c.

b
41 ]
o |
<8
41 l
0 20 29(0,0c) 40 58 (0:139 c)
wuxi, %

Puc. 4. Cunbl peaknuu CTOIBI K Macce Tea UCIIBITYeMOro: /| — BepTHKaibHas cuna (a); [, — monepednast cuna (b)
Fig. 4. Ground Reaction Force: /| — Vertical Force; F, — Med-Lateral Force
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Tab6ruya 3. 3HaYCHUS] UMITYJIBCOB CHJI U KHHETHYCCKHX MOMEHTOB

Table 3. Values of forces impulses and moments kinetic

I/IMHyJ'H;CLI MOMCHTOB

Kunetnueckrne MOMEHTBI

Hora
O, He 0,,Hc Ky, dlx-c Ky, Ix-c
JleBas 68,66 2,31 13,73 0,46
[IpaBas 70,00 3,84 15,61 0,77

B pe3synbrare pacueToB OblIa yuTe€Ha Macca UCIIBITye-
MOT0, IPU 9TOM MaciiTad ocu OpAMHAT ObLT yBEIUYEH B 7
pa3 ¢ y4eToM HOPMHUPOBAHUA JAHHBIX JUHAMOMETPHIECKON
raropmsl. [lepecuer moneit mukia ocu adcuuce B 0Tpes-
KU BPEMEHU OCYLIECTBIICH HA OCHOBAHUU BBIYUCIICHHBIX
paHee OTHOLIEHUH £, U f,.. OnpenenumM BeIMYMHY MOMEHTOB
OTHOCHTEIIFHO 0003HAYEHHBIX OCeil MMITYIILCOB CHIT (KHUHE-
THYECKUX MOMEHTOB): K| = O r; K, = Q,r. OT™MeTHM, UTO
TIpuBeICHHBIE B Ta0M. 3 3HadeHus K| 1 K, COOTBETCTBYIOT
MOMEHTY TIepexo/ia CTOIIBI B (ha3y mepeHoca mo ayre 4—6—8
(puc. 1). C npyroii CTOpOHSHI,

Ky =51Qy, Ky =/,

rae J; u J, — MOMEHTBI HHEPIIMU CTOIBI OTHOCHTEIHHO
0003HaYCHHBIX OCEH, a CTOIIA BEICTYIIAET B POJIN (hU3HIE-
CKOTO MasiTHHKA TPU CBOOOTHOM KoJIeOaTeThHOM IBIIKE-
HUU C YaCTOTaMH p U k.

B cooTBeTCcTBHM C 3aKOHAMHM KOJIE€0ATEIBHBIX CHCTEM
BBIYUCJIIUM KECTKOCTH:

Cl = lez, C2 = Jzkz.

3HaueHNST MOMEHTOB HHepIwH 1 skecTrocTeit ['CC mpu-
BEIEHEI B Ta0I. 4.

OO0cy:xkneHue pe3yJbTaTOB

Ha npumepe sKcriepuMeHTaNIBHBIX JAHHBIX OTHOTO M3
22-X UCIBITYeMBIX ObIIa pa3BUTa METO/IMKA pacuyera Ono-
mexannueckux xapakrepuctuk I'CC. OctaHoBUMCS Ha
0COOCHHOCTSIX MPEJIOKEHHOTO TTOIXO/1.

[Tpu ommcaHny KPUBBIX OTIOPHBIX PEAKIIMIA HCTIONb3yeM
MOJIMHOMBI 4-0# crenenu F(x; a, b). OTAENTbHO BBIICIHM
napameTpsl a, b Ipyu KBaApaTUUHOM U JIMHEHHOM UJIEHAX.
CHUMMETPUYHOCTD WJIM HECUMMETPUYHOCTh IKCTPEMallb-
HBIX (KPUTHUYECKUX) 3HAYEHUI MOTHOCTHIO ONpEAeseTCs
(ympasmnsieTcst) BennunHoM koaddunuenra b. Ha puc. 5
MIPECTABICHBI TPU JIBYTOPOBIX KPHUBBIX IPH PA3IUUIHBIX
3HAYCHUSIX Mapamerpa b.

CrutonHast IMHKS HA PUC. 5 COOTBETCTBYET 3HAYCHU-
SIM 9KCIIEPUMEHTAIbHBIX NaHHBIX. [IyHKTUpHAS TUHUSA
COOTBETCTBYET PaHHUM MOEISIM X0ab0bI [9] ¢ opueHTa-

e Ha CUMMETPUYHYIO IBYTOpOOBOCTh. TpeThsi KpuBas
(crutomHast) MOCTPOCHA B Ka4eCTBE MpUMEpa OJIU30CTH K
OZIHOTOpOOIt KPHBOM, KOT/Ia IPEIIOaraloTCs peiesIbHbIC
3HAUeHMs! yIpasisronero nmapamerpa 15,92< b <18,32. 3a
npeaesaMyd MHTepBaja HaOOIA0TCs JIeBasi WK TpaBast
omgHOropoocTh. OTMETHM, YTO UMEHHO B JJAHHOM TIpPEJIeTe
HaXOJISITCSI BELIIECTBEHHBIE KOPHH KYOHUECKOTO YpaBHEHHS,
OTIPEACIIAIONINE KPUTUIECKNE 3HAUCHNS (PyHKIINH:

F=-0,000287x* + 0,03124x3 — 1,176x2 + bx + 4,338.

KY6I/I"I€CKOC YpaBHCHHUE NOJTYUYUM MOCJIC ITPpUPABHUBA-
HUS HYJIIO HepBOﬁ HpOH3BOﬂHOﬁ 9TOT'0 YpaBHCHUS:

—0,001148x3 + 0,0942x2 — ax + b= 0.

MatemaTuyeckuil anmnapaTr Teopuu karactpod [17]
JaeT KJIFOYM K M3YUYCHUIO 3aBHCUMOCTHU Ka4eCTBCHHBIX
W3MCHCHUH B MOBEJICHUU UCCIICAYEMbIX MOJIUHOMOB OT
YOPaBJISIONINX TapaMETPOB.

Ha puc. 6 npuBeeHBl KPUTHYSCKHUE TOUYKH (DYHKITUH
F. CrimourHast TMHUSL COOTBETCTBYET 3HAUCHHSM TTapame-

110 ‘ )

Fl’%

20 40 60
x, %

Puc. 5. Mozaenu BepTHKaJIbHBIX peakuuit

Fig. 5. Models of vertical forces

Tabnuya 4. 3HaueHNUss MOMEHTOB MHEPLUH U KECTKOCTEH

Table 4. Values of inertia and stiffness

MoMeHTbI nHepIuu KecrkocTu
Hora
Jp, Kr M2 Jy, KP*M2 C,, Hu/pan C,, Hw/pan
JleBas 3,33 0,16 5543,11 1121,52
[paBas 4,72 0,16 176,45 220,41
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Puc. 6. Kputnaeckue Touku GpyHKIuu F

Fig. 6. Critical points of function F’

TPOB @, b, TOTy4EHHBIM MTPU 00PaOOTKE IKCTIEPUMEHTANb-
HbBIX JIaHHBIX.

Buano, uto rpadyk ¢ MyHKTUPHBIMH JIMHUSMH OIIpe-
JISISIET IPyTUe IPaHMIIBI BEIIECTBEHHOCTH M1apaMeTpoB b.
B To e Bpems mpaBasi JIMHUS IIOJTHOCTBIO OINpeEeisieT
KOMIIJICKCHBIC 3HAUYCHHUST KOPHEH.

[IpuBeeM HEKOTOpBIE 3HAYCHUS BEIIECTBEHHBIX KOP-
Heli (Tabm. 5).

B kauecTBe 0HOTO M3 CIEACTBHI MOIX0Aa 00paTUM
BHHMaHNE Ha CyMMY BEIIECTBEHHBIX KOPHEH — 3TO BCerna
HEKMI MHBApUAHT I KaX10T0 U3 3HAUEHUH rapamerpa a
B IIpeJiesiax U3MEHEHUs mapamerpa b.

ITonmyuennsie onenku sxectkocté I'CC oTmugaoTcs oT
OLICHOK, ITPE/ICTABICHHBIX B padorax [18-22]. Dro cBsizaHo
C YYBCTBHUTEJIBHOCTHIO OLIEHOK JKECTKOCTU K YCIOBUSIM
9KCIIEPUMEHTA, KaK TEXHOJIOTUUECKUM, TaK U (H3HOJIOTU-
yeckuM. OTIMYUTENEHOH 0COOCHHOCTBIO MPETIOKEHHOTO
MOJX0/a SIBJISIETCS OLIEHKA YKECTKOCTH B (pa3e mepeHoca
Horu. M, kak BUAHO U3 Tabil. 4, OIEHKH KECTKOCTH HaXO0-
nsTest B ipeaene 176,45-220,41 Hv/pan.

B Tabn. 6 mpuBeneH psx oueHok xectkocteir ['CC B
CaruTTAIbHON MIIOCKOCTH, HOMYYEHHBIX C HCTIOIb30BAaHNEM
TEeXHUYECKHX pereHni Ha ocHoBe Anklebot-cuctem.

IToka3aTenbHa CylIeCTBEHHAs pa3sHUIA B OLIEHKAX
JKECTKOCTEI, MOTy4eHHBIX MeTo/IaMu Ha ocHoBe Anklebot-
CUCTEM, U METOJIOM JMHAMHKH CBOOOJHOTO IepeHoca.
Hacrosiiee nccnenoBanme nokasano, 4To «y>KeCTOUCHHE»
I'CC nns pa3HBIX HOT Ha MOPAAOK HE SIBJISETCS HETOCTU-
YKMMBIM PE3YJIbTaTOM, TaK KaK KaK BO BPeMsl XObObI JIIO/IN
MOT'YT PETYJINPOBaTh )KECTKOCTh B CYCTaBax HOT, T. €. BKIIIO-
4aTh (PU3U0IOTHUECKOE (MO3rOBOE) YIPABICHHE KECTKO-
cthto ['CC. MOHO JjaTh peKOMEHJAIMI0 OPUEHTUPOBATb-
Csl Ha 3TH OICHKH NPHU NMPOCKTHPOBAHUH KIMHUYECKUX
WHCTPpYMEHTOB m3Mepenus xectkocteit [[CC. Cnenyer

Tabnuya 5. 3Ha4eHUs BEIIECTBEHHBIX KOPHEH

Table 5. Values of real roots

KopHuu BBIOOpOUHBIX ITapaMeTpoB b
HOMepf‘ JUIsl BELIECTBEHHBIX KOPHEH (a; b)
KOpHei
235:16,5 | —2,35:17,00 | —2,35; 18,00

1 39,122 40,697 42,754

2 31,133 28,664 24,057

3 11,800 12,694 15,244

> 82,055 82,055 82,055

Tabnuya 6. Psi1 OLICHOK YKECTKOCTEH TOJICHOCTOITHOTO CycTaBa

Table 6. Quantification of ankle stiffness

Kecrkocts, Hv/pan Ccbuika Ha 1y0IMKaLuio
5-26 [12]
99-220 [19]
9-34 [20]
55-67 [21]
26-64 (22]
176220 Hacrosiast pabora

OTMETHTb, UTO MPHU pacCUeTe KECTKOCTEH MBI MOCIEI0BA-
TEIBHO MCIIOJIb30BAJIM COOTHOIIEHUSI MEXKTY KPYTOBBIMH
M MUAKINYECKUMHU YaCTOTAMHU.

[lepcriekTHBEI OYAYUIUX HUCCICIOBAaHUMN, HATIPUMED,
ONPENIEIISIIOTCS MPUMEHEHUEM MHEPIHAIbHBIX CEHCOPOB
JUTSL TIEPCOHU(DUITMPOBAHHON OIICHKU NaHHBIX XOIbOBI B
JIOMAIITHUX YCIIOBUAX C Tiepenadcii mHdopmanmy B peadu-
JIMTAUMOHHBIN LeHTp [23, 24].

3akJ/ioueHnne

Pa3paborana mMeTonuka pacuera OMOMEXaHUYECKUX
XapaKTEepPUCTUK FOJIEHOCTONHOrO cycTaBa. Paccuuransl
BEJIMUMHBI NEePEeAaTOYHbIX OTHOLIEHUH TOJI€HOCTOMHO-
rO CyCTaBa, 3HAYEHMsI KOTOPBIX JJIs JIEBOM U MPAaBOM HOT
paBubl 1,67 u 0,73. Ha ocHOBaHMM HKCHEPUMEHTAIIBHBIX
JTAHHBIX PEAKIUI CTYITHH U IAaHHBIX MAPKEPOB IO YIIIOBBIM
MEPEMEIIECHUSIM PACCIUTAHBI MOMEHTHI HHEPIUU CTOTIBI
OTHOCHUTEJILHO ABYX OCEH T'OJIEHOCTOIIHOIO cycrasa. s
OLIEHKHU JKECTKOCTH TOJICHOCTOITHOTO CYCTaBa MCIOJIb30-
BaHBI JJaHHBIC DKCIIEPUMEHTa B (a3e MepeHoca CTOMBI C
MOCTIEIYIOIINM MOJICTHPOBAHUEM JIBIKCHHS CTOIIBI B ATOM
(hase, kak KosedaTeIbHOTO mporecca GU3MICCKOr0 MasiTHU-
Ka. B cpeHeM jkecTKOCTh TOJI€HOCTOMHOTO CyCcTaBa B ca-
IMTTanbHOI m1ockocty pasHa 103 Hw/pan. [lpuBenennbie
OLICHKH OMOMEXaHMYECKUX XapaKTePUCTUKH 1 METOAMKA X
pacyeTa peKOMEHAYIOTCS JUIsl HCIOIb30BAaHUSI IPH MPOEK-
THPOBAHUN OMOMEXAaTPOHHBIX CHCTEM.

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3

525



KonuyecTtBeHHada oueHKa 1 MOAEeNMpOBaHne BrIoMexaHMYeCKNX XapakKTepUCTUK roneHoCTONHOro cyctasa

10.

11.

12.

13.

14.

15.

17.

18.

20.

Jluteparypa

Donatelli R.A. Normal biomechanics of the foot and ankle // Journal
of Orthopaedic & Sports Physical Therapy. 1985. V. 7. N 3. P. 91-95.
https://doi.org/10.2519/jospt.1985.7.3.91

Donatelli R.A. Abnormal biomechanics of the foot and ankle //
Journal of Orthopaedic & Sports Physical Therapy. 1987. V.9. N 1.
P. 11-16. https://doi.org/10.2519/jospt.1987.9.1.11

Karamanidis K., Arampatzis A., Briiggemann G.P. Symmetry and
reproducibility of kinematic parameters during various running
techniques // Medicine & Science in Sports & Exercise. 2003. V. 35.
N 6. P. 1009-1016. https://doi.org/10.1249/01.
mss.0000069337.49567.10

The problem of the interrelation of coordination and localization //
Bernstein N.A. The Co-Ordination and Regulation of Movements.
Oxford: Pergamon Press, 1967. P. 15-59.

Ilepenenxkun A.M., Mannpukos B.b., Kparomkun AWM., Arpouies-
ko E.C. HexoTopbie 0COOCHHOCTH MEXaHMYECKUX CBOMCTB CTOIIbI
yesioBeka // BectHuk Bonrorpaackoro rocyapcTBEHHOTO MEIHIINH-
ckoro yHuBepcuteta. 2016. Ne 3(59). C. 22-24.

Oranecsn O.B., Bannukos C.B., Kopurynos A.B. Boccranosnenne
(opMBI 1 (PYHKIMH TOJIICHOCTOIHOTO CYCTaBa MIAPHUPHO-ANCTPAKIIH-
oHHbIMHM anmaparamu. M.: BUHOM, 2003. 120 p.

Mycanumos B.M., Ilaacyke M., I'aneeBa E., Epenune .,
Epodeer M.A. MonenupoBaHue TUHAMHKH OTIOPHO-JIBUTATEIbHON
cucrembl / HaydHO-TeXHUYECKHIT BECTHUK HH(POPMALIMOHHBIX TEX-
HoJorui, Mexanuku u ontuku. 2017. T. 17. Ne 6. C. 1159-1166.
https://doi.org/10.17586/2226-1494-2017-17-6-1159-1166
Mycanumos B.M., Ilepenenkuna C.1O., [Taacyke M., I'aneeBa E.,
Epenune . Craructiuyeckoe MOJEIMPOBAHUE EPEIATOYHBIX OTHO-
IICHHIT KOJICHHOTO cycTaBa // HaydHo-TexHn4Yecknii BecTHHK HH(OP-
MAaIMOHHBIX TEXHOJIOTHH, MexaHuku u ontuku. 2020. T. 20. Ne 3.
C. 446-454.

Benenxwuii B.B. JIByHorast Xonp0a: MOJEIbHBIC 33/1a4l THHAMHUKA U
ynpasnenus. M.: Hayka, 1984. 288 c.

Alexander R. McN. Mechanics of bipedal locomotion // Perspectives
in Experimental Biology. V. 1. Oxford: Pergamon Press, 1976. P. 493—
504.

Esteban A.M., van’t Veld R.C., Cop Ch.P., Durandau G., Sartori M.,
Schouten A.C. Estimation of Time-varying ankle joint stiffness under
dynamic conditions via system identification techniques // Proc. of
the 415t Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC). 2019. P. 2119-2122. https:/
doi.org/10.1109/embc.2019.8856423

Cop Ch.P., Durandau G., Esteban A.M., van’t Veld R.C.,
Schouten A.C., Sartori M. Model-based estimation of ankle joint
stiffness during dynamic tasks: a validation-based approach // Proc.
of the 415t Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC). 2019. P. 4104-4107.
https://doi.org/10.1109/embc.2019.8857391

Misgeld B.J.E., Zhang T., Liken M.J., Leonhardt S. Model-based
estimation of ankle joint stiffness // Sensors. 2017. V. 17. N 4. P. 713.
https://doi.org/10.3390/s17040713

Burenson A.C., [lerpymanckas K.A. OT ecTeCTBEHHOIr0 K MCKyC-
CTBEHHOMY YIIPaBJICHHUIO JoKoMmoInueld = From natural to artificial
control of locomotion. M.: MBH, 2003. 438 c.

Kapriosa H.B. Kiaccuueckas Teopust ynapa u ee npuMEHEHHE K pe-
HIeHuo npukiIanHbix 3aaad. CI16.: OM-IIpece, 2003. 184 c.

. ITanoBxo f1.I. BBenenue B Teopuro Mexannueckoro yaapa. M.: Hayka,

1977.223 c.

Tunmop P.Ilpukiannas teopust karactpod: B 2 kH. Ku.1 / mep. ¢ anm.
M.: Mup, 1984. 350 c.

Sanz-Morére C.B., Fantozzi M., Parri A., Giovacchini F., Baldoni A.,
Cempini M., Crea S. A Knee-Ankle-Foot Orthosis to assist the sound
limb of transfemoral amputees // IEEE Transactions on Medical
Robotics and Bionics. 2019. V. 1. N 1. P. 38-48. https://doi.
org/10.1109/TMRB.2019.2895789

. Nalam V., Adjei E., Lee H. Quantification and modeling of ankle

stiffness during standing balance // IEEE Transactions on Biomedical
Engineering. 2021. V. 68. N 6. P. 1828-1837. https://doi.org/10.1109/
TBME.2020.3023328

Roy A., Krebs H.I., Patterson S.L., Judkins T.N., Khanna I.,
Forrester L.W., Macko R.M., Hogan N. Measurement of human ankle
stiffness using the anklebot // Proc. of the IEEE 10th International
Conference on Rehabilitation Robotics. 2007. P. 356-363. https://doi.
org/10.1109/ICORR.2007.4428450

20.

References

Donatelli R.A. Normal biomechanics of the foot and ankle. Journal
of Orthopaedic & Sports Physical Therapy, 1985, vol. 7, no. 3,
pp. 91-95. https://doi.org/10.2519/jospt.1985.7.3.91

Donatelli R.A. Abnormal biomechanics of the foot and ankle. Journal
of Orthopaedic & Sports Physical Therapy, 1987, vol. 9, no. 1,
pp. 11-16. https://doi.org/10.2519/jospt.1987.9.1.11

Karamanidis K., Arampatzis A., Briggemann G.P. Symmetry and
reproducibility of kinematic parameters during various running
techniques. Medicine & Science in Sports & Exercise, 2003, vol. 35,
no. 6, pp. 1009-1016. https://doi.org/10.1249/01.
mss.0000069337.49567.f0

The problem of the interrelation of coordination and localization.
Bernstein N.A. The Co-Ordination and Regulation of Movements.
Oxford: Pergamon Press, 1967, pp. 15-59.

Perepelkin A.I., Mandrikov V.B., Krayushkin A.I., Atroschenko E.S.
Features of the mechanical properties of the human foot. Journal of
Volgograd State Medical University, 2016, no. 3(59), pp. 22-24. (in
Russian)

Oganesian O.V., Ivannikov S.V., Korshunov A.V. Restoration of the
Shape and Function of the Ankle Joint with Hinge-Distraction
Devices. Moscow, BINOM Publ., 2003, 120 p. (in Russian)
Musalimov V.M., Paasuke M., Gapeyeva H., Ereline J., Erofeev M.A.
Modeling of locomotor system dynamics. Scientific and Technical
Journal of Information Technologies, Mechanics and Optics, 2017,
vol. 17, no. 6, pp. 1159-1166. (in Russian). https://doi.
org/10.17586/2226-1494-2017-17-6-1159-1166

Musalimov V.M., Perepelkina S.Yu., Pddsuke M., Gapeeva E.N.,
Ereline J. Statistical modeling of knee joint gear ratios. Scientific and
Technical Journal of Information Technologies, Mechanics and
Optics, 2020, vol. 20, no. 3, pp. 446—454. (in Russian). https://doi.
org/10.17586/2226-1494-2020-20-3-446-454

Beletckii V.V. Bipedal Walking: Model Dynamics and Control
Problems. Moscow, Nauka Publ., 1984, 288 p. (in Russian)

. Alexander R. McN. Mechanics of bipedal locomotion. Perspectives

in Experimental Biology. V. 1. Oxford, Pergamon Press, 1976,
pp. 493-504.

. Esteban A.M., van’t Veld R.C., Cop Ch.P., Durandau G., Sartori M.,

Schouten A.C. Estimation of Time-varying ankle joint stiffness under
dynamic conditions via system identification techniques. Proc. of the
415t Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), 2019, pp. 2119-2122. https://
doi.org/10.1109/embc.2019.8856423

. Cop Ch.P., Durandau G., Esteban A.M., van’t Veld R.C.,

Schouten A.C., Sartori M. Model-based estimation of ankle joint
stiffness during dynamic tasks: a validation-based approach. Proc. of
the 415! Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), 2019, pp. 4104-4107. https://
doi.org/10.1109/embc.2019.8857391

. Misgeld B.J.E., Zhang T., Liiken M.J., Leonhardt S. Model-based

estimation of ankle joint stiffness. Sensors, 2017, vol. 17, no. 4,
pp. 713. https://doi.org/10.3390/s17040713

. Vitenzon A.S., Petrushanskaia K.A. From natural to artificial control

of locomotion. Moscow, MBN Publ., 2003, 438 p. (in Russian)

. Karpova N.V. Classical Impact Theory and its Application to Solving

Applied Problems. St. Petersburg, OM-Press Publ., 2003, 184 p. (in
Russian)

. Panovko 1a.G. Introduction to the Theory of Mechanical Impact.

Moscow, Nauka Publ., 1977, 223 p. (in Russian)

. Gilmore R. Catastrophe Theory for Scientists and Engineers. New

York, Dover Publications, 1981.

. Sanz-Morére C.B., Fantozzi M., Parri A., Giovacchini F., Baldoni A.,

Cempini M., Crea S. A Knee-Ankle-Foot Orthosis to assist the sound
limb of transfemoral amputees. IEEE Transactions on Medical
Robotics and Bionics, 2019, vol. 1, no. 1, pp. 38-48. https://doi.
org/10.1109/TMRB.2019.2895789

. Nalam V., Adjei E., Lee H. Quantification and modeling of ankle

stiffness during standing balance. [EEE Transactions on Biomedical
Engineering, 2021, vol. 68, no. 6, pp. 1828-1837. https://doi.
org/10.1109/TBME.2020.3023328

Roy A., Krebs H.I., Patterson S.L., Judkins T.N., Khanna I., Forrester
L.W., Macko R.M., Hogan N. Measurement of human ankle stiffness
using the anklebot. Proc. of the IEEE 10" International Conference
on Rehabilitation Robotics, 2007, pp. 356-363. https://doi.
org/10.1109/ICORR.2007.4428450

526

Hay4HO-TexHn4eckunii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3


https://pubmed.ncbi.nlm.nih.gov/?term=Donatelli+RA&cauthor_id=18802279
https://doi.org/10.2519/jospt.1985.7.3.91
https://pubmed.ncbi.nlm.nih.gov/?term=Donatelli+RA&cauthor_id=18802279
https://doi.org/10.2519/jospt.1987.9.1.11
https://doi.org/10.1249/01.mss.0000069337.49567.f0
https://doi.org/10.1249/01.mss.0000069337.49567.f0
https://doi.org/10.17586/2226-1494-2017-17-6-1159-1166
https://doi.org/10.1109/embc.2019.8856423
https://doi.org/10.1109/embc.2019.8856423
https://doi.org/10.1109/embc.2019.8857391
https://doi.org/10.3390/s17040713
https://doi.org/10.1109/TMRB.2019.2895789
https://doi.org/10.1109/TMRB.2019.2895789
https://doi.org/10.1109/TBME.2020.3023328
https://doi.org/10.1109/TBME.2020.3023328
https://doi.org/10.1109/ICORR.2007.4428450
https://doi.org/10.1109/ICORR.2007.4428450
https://pubmed.ncbi.nlm.nih.gov/?term=Donatelli+RA&cauthor_id=18802279
https://doi.org/10.2519/jospt.1985.7.3.91
https://pubmed.ncbi.nlm.nih.gov/?term=Donatelli+RA&cauthor_id=18802279
https://doi.org/10.2519/jospt.1987.9.1.11
https://doi.org/10.1249/01.mss.0000069337.49567.f0
https://doi.org/10.1249/01.mss.0000069337.49567.f0
https://doi.org/10.17586/2226-1494-2017-17-6-1159-1166
https://doi.org/10.17586/2226-1494-2017-17-6-1159-1166
https://doi.org/10.17586/2226-1494-2020-20-3-446-454
https://doi.org/10.17586/2226-1494-2020-20-3-446-454
https://doi.org/10.1109/embc.2019.8856423
https://doi.org/10.1109/embc.2019.8856423
https://doi.org/10.1109/embc.2019.8857391
https://doi.org/10.1109/embc.2019.8857391
https://doi.org/10.3390/s17040713
https://doi.org/10.1109/TMRB.2019.2895789
https://doi.org/10.1109/TMRB.2019.2895789
https://doi.org/10.1109/TBME.2020.3023328
https://doi.org/10.1109/TBME.2020.3023328
https://doi.org/10.1109/ICORR.2007.4428450
https://doi.org/10.1109/ICORR.2007.4428450

B.M. Mycanumos, C.10. lNepenenkuHa, E.H. laneesa, M.A. lNMaacyke, A.9. pennHe, M.A. Epocdees

21. Kato E., Kanehisa H., Fukunaga T., Kawakami Y. Changes in ankle
joint stiffness due to stretching: The role of tendon elongation of the
gastrocnemius muscle / European Journal of Sport Science. 2010.
V. 10. N 2. P. 111-119. https://doi.org/10.1080/17461390903307834

22. Wind A.M., Rouse E.J. Neuromotor regulation of ankle stiffness is
comparable to regulation of joint position and torque at moderate
levels // Scientific Reports. 2020. V. 10. N 1. P. 10383. https://doi.
org/10.1038/s41598-020-67135-x

23. Kysuenos A.O., Mycanumos B.M. VccnenoBanue ABIKESHNS HUKHUX
KOHEYHOCTEH yeioBeKa IPH X0b0e C HCII0Ib30BAaHUEM TEXHOJIOT Uil
MHEPLMAIBHOIO 3aXBaTa JABIKeHNs // HaydHO-TeXHUYECKHIT BECTHHK
MH(OPMALOHHBIX TEXHOIOT Ui, MeXaHUKH 1 onTHKH. 2013. Ne 5(87).
C. 128-133.

24. Zhigailov S., Kuznetcov A., Musalimov V., Aryssov G. Measurement
and analysis of human lower limbs movement parameters during
walking // Solid State Phenomena. 2015. V. 220-221. P. 538-543.
https://doi.org/10.4028/www.scientific.net/SSP.220-221.538

ABTOpPBI

Mycanumos Bukrop MuxaijioBuy — JOKTOP TEXHUYECKUX HayK,
npodeccop, MaBHbI HAyYHBIH COTPYAHHUK, NHCTUTYT mpobieM Mamim-
nosenenust PAH, Canxr-IletepOypr, 199178, Poccuiickas ®eneparnmus,
8¢ 56458756700, https://orcid.org/0000-0002-6461-0364, musvm@ya.ru
Tepenenknna Ceeriiana FOpbeBHa — KaHUaT TEXHUYECKUX HAyK,
JoneHt, fouent, Cankr-IletepOyprekuii MOMUTEXHUISCKUH YHUBEPCUTET
Ierpa Bemuxoro, Cankr-IletepOypr, 195251, Poccuiickas deneparms,
8¢ 56458756700, https://orcid.org/0000-0003-2455-2670, perepelkina
syu@spbstu.ru

T'aneesa Ejena HukonaeBHa — JOKTOp HayK, Hay4HbIH COTPYJIHUK,
Hay4HbIH coTpyaHuK, Tapryckuit yausepcuret, Tapry, 50090, DcTonus,
sc 6603634884, https://orcid.org/0000-0001-8160-0195, helena.
gapeyeva@ut.ee

IMaacyke MaTu AajyeBHY — KaHJUJaT OMOJIOTMYECKUX HAyK, MPO-
teccop, mpodeccop, Tapryckuii ynusepcutet, Tapty, 50090, Dctonns,
sc 7004034214, https://orcid.org/0000-0001-9465-2605, mati.paasuke@
ut.ece

OpesnHe Slan SlaHOBHY — IOKTOp HayK, JICKTOD, JIEKTOp, TapTyckuii
yausepcutert, Tapty, 50090, Dcronus, s¢ 6701678906, https://orcid.
org/0000-0002-2252-8928, jaan.ereline@ut.ce

EpodeeB Muxani AnekcaHapoBU4 — acHupant, MHCTUTYT mpo-
6nem mammnaoBenenust PAH, Cankr-IletepOypr, 199178, Poccuiickast
Denepars, s¢ 56458756700, https://orcid.org/0009-0003-0706-8577,
mr.mikhail-erofeev@yandex.ru

Cmamws nocmynuna 6 pedaxyuio 20.03.2023
Ooobpena nocne peyenzuposarus 19.04.2024
Ipunsma x nevamu 24.05.2024

QOO

21. Kato E., Kanehisa H., Fukunaga T., Kawakami Y. Changes in ankle
joint stiffness due to stretching: The role of tendon elongation of the
gastrocnemius muscle. European Journal of Sport Science, 2010,
vol. 10, no. 2, . 111-119. https://doi.
org/10.1080/17461390903307834

22. Wind A.M., Rouse E.J. Neuromotor regulation of ankle stiffness is
comparable to regulation of joint position and torque at moderate
levels. Scientific Reports, 2020, vol. 10, no. 1, pp. 10383. https://doi.
org/10.1038/s41598-020-67135-x

23. Kuznetsov A., Musalimov V. Human lower limbs investigation during
walking by means of inertial motion capture technologies. Scientific
and Technical Journal of Information Technologies, Mechanics and
Optics, 2013, no. 5(87), pp. 128-133. (in Russian)

24. Zhigailov S., Kuznetcov A., Musalimov V., Aryssov G. Measurement
and analysis of human lower limbs movement parameters during
walking. Solid State Phenomena, 2015, vol. 220-221, pp. 538-543.
https://doi.org/10.4028/www.scientific.net/SSP.220-221.538

Authors

Viktor M. Musalimov — D.Sc., Professor, Chief Researcher, Institute for
Problems in Mechanical Engineering of the Russian Academy of Sciences,
Saint Petersburg, 199178, Russian Federation, [s¢ 56458756700, https://
orcid.org/0000-0002-6461-0364, musvm@ya.ru

Svetlana Yu. Perepelkina — PhD, Associate Professor, Associate
Professor, Peter the Great St. Petersburg Polytechnic University, Saint
Petersburg, 195251. Russian Federation, s¢ 56458756700, https://orcid.
0rg/0000-0003-2455-2670, perepelkina_syu@spbstu.ru

Elena N. Gapeeva — D.Sc., Scientific Researcher, Scientific Researcher,
University of Tartu, Tartu, 50090, Estonia, s¢ 6603634884, https://orcid.
org/0000-0001-8160-0195, helena.gapeyeva@ut.ee

Mati A. Paasuke — PhD (Biology), Full Professor, University of Tartu,
Tartu, 50090, Estonia, s¢ 7004034214, https://orcid.org/0000-0001-9465-
2605, mati.paasuke@ut.ee

Jaan J. Ereline — D.Sc., Lecturer, Lecturer, University of Tartu, Tartu,
50090, Estonia, s¢ 6701678906, https://orcid.org/0000-0002-2252-8928,
jaan.ereline@ut.ce

Mikhail A. Erofeev — PhD Student, Institute for Problems in Mechanical
Engineering of the Russian Academy of Sciences, Saint Petersburg,
199178, Russian Federation, s¢ 56458756700, https://orcid.org/0009-
0003-0706-8577, mr.mikhail-erofeev(@yandex.ru

Received 20.03.2023
Approved after reviewing 19.04.2024
Accepted 24.05.2024

Pa6oTta gocTynHa no nuueHsnm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3

527


https://doi.org/10.1080/17461390903307834
https://doi.org/10.1038/s41598-020-67135-x
https://doi.org/10.1038/s41598-020-67135-x
https://doi.org/10.4028/www.scientific.net/SSP.220-221.538
https://orcid.org/0000-0002-6461-0364
mailto:musvm@ya.ru
https://orcid.org/0000-0003-2455-2670
mailto:perepelkina_syu@spbstu.ru
mailto:perepelkina_syu@spbstu.ru
https://orcid.org/0000-0001-8160-0195
mailto:helena.gapeyeva@ut.ee
mailto:helena.gapeyeva@ut.ee
https://orcid.org/0000-0001-9465-2605
mailto:mati.paasuke@ut.ee
mailto:mati.paasuke@ut.ee
https://orcid.org/0000-0002-2252-8928
https://orcid.org/0000-0002-2252-8928
mailto:jaan.ereline@ut.ee
https://orcid.org/0009-0003-0706-8577
mailto:mr.mikhail-erofeev@yandex.ru
https://doi.org/10.1080/17461390903307834
https://doi.org/10.1080/17461390903307834
https://doi.org/10.1038/s41598-020-67135-x
https://doi.org/10.1038/s41598-020-67135-x
https://doi.org/10.4028/www.scientific.net/SSP.220-221.538
http://D.Sc
https://orcid.org/0000-0002-6461-0364
https://orcid.org/0000-0002-6461-0364
mailto:musvm@ya.ru
https://orcid.org/0000-0003-2455-2670
https://orcid.org/0000-0003-2455-2670
mailto:perepelkina_syu@spbstu.ru
http://D.Sc
https://orcid.org/0000-0001-8160-0195
https://orcid.org/0000-0001-8160-0195
mailto:helena.gapeyeva@ut.ee
https://orcid.org/0000-0001-9465-2605
https://orcid.org/0000-0001-9465-2605
mailto:mati.paasuke@ut.ee
http://D.Sc
https://orcid.org/0000-0002-2252-8928
mailto:jaan.ereline@ut.ee
https://orcid.org/0009-0003-0706-8577
https://orcid.org/0009-0003-0706-8577
mailto:mr.mikhail-erofeev@yandex.ru

