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AnHotanms. [IpeacraBieHsl pe3ynbTaThl HCCISOBaHUS MTPOIlecca B3aUMO/ICHCTBHSI CTOIIBI C OITOPHOM MOBEPXHOCTHIO MPU
x0/1b0e B (pazax oropsl U rnepekara. B 0cHOBY HcciieoBaHU TOJI0KEHBI AKCIIEPUMEHTAIbHbIC JIaHHbIe CTHOaHUsI—Pa3ri-
OaHMsI—TIPOHAIIMY U CYIMHAIIMHU TOJICHOCTOITHOTO CyCTaBa U peakiuii CTOIbI P X0p0e. OCHOBHOE BHUMaHHE YJIEIICHO
aHaJIN3y MONEPEUHON COCTaBIAIOIIEH CUI peaKUi. YCTaHOBIEHO, YTO YIApHbIE COCTABISIOUINE CHII PEAKIIUN CTOIbI
11eJIeCO00pa3HO MOJIEITMPOBATH C TIOMOIIBIO 0000IEHHBIX (QYHKIMN DpMHUTa, a (ha3y repekara CTONbl — CKPYYHBAEMbIM
9JIACTUYHBIM APMHUPOBaHHBIM IIMIIHHPOM. Pe3ynbTaThl MCCIe10BaHus HCIIONB3YIOTCS MIPU pa3paboTke MeXaTPOHHBIX Op-
TE30B TOJIEHOCTOITHOTO CyCTaBa, OHM HAIIEJICHBI Ha pa3paboTKy METOIOB OLICHKH M BBISIBICHHS TIOCKOCTOIHS HA PAaHHUX
JTarax pa3BUTHUS C TIEPCIIEKTUBON MOCTPOSHHS KapT peaduInTanny.
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MODELING OF TRANSVERSE TANGENTIAL INTERACTION OF THE FOOT WITH THE SUPPORTING SURFACE
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Abstract. Results of the study of the interaction of the foot with the support surface during walking in the phases of
support and rolling are presented. The research is based on experimental data on flexion—extension—pronation and
supination of the ankle joint and foot reactions when walking. The main attention is paid to the analysis of the transverse
component of the reaction forces. It was found that it is advisable to model the shock components of the foot reaction
forces using generalized Hermite functions, and the phase of the foot roll with a twisted elastic reinforced cylinder. The
results of the study are used in the development of mechatronic ankle orthoses. They are aimed at developing methods
for assessing and identifying flat feet in the early stages of development with the prospect of building rehabilitation maps.
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BBenenne. buomexannka v ()yHKIIMHU CTOIBI pa3IHdHbI B (Da3ax (YPUKIIMOHHOTO B3aUMOICHCTBHS
C OMOPHOM MOBEPXHOCThIO. Mexy hazamu yaapHO-(PPUKIIMOHHOTO B3aUMOJEUCTBHUS TIEPEIHETO U
3aJTHETO OTJICJIOB CTOIA HAXOMUTCS B (pa3e MOTHOM OTOPHI, MEXaHUKA KOTOPOU UCCIICAYETCS B CTAThE.
B pabote ncnonap30BaHbl CHHXPOHU3UPOBAHHBIE SKCIIEPUMEHTAIbHbIC TAHHBIE CUCTEMBI JJIs 3aXBara
JBUYKEHUH 110 UCCIIETIOBAHUIO KWHEMATUKH XOILOBI M JHHAMOMETPUIECKOM cuctemsl [ 1, 2]. B sxcniepu-
MEHTE MIPUHUMAIIN YYaCTUE KESHITUHBI U MYXYUHBI 0€3 SIBHBIX HAPYIIEHUI 30POBbs, 0€3 KaKuX-T100
TpaBM, HE SIBJISIONIUECS TPOodheCcCUOHANTBHBIMU CcIOpTCMeHaMu. Bee das3bl B3anmoaeicTBus peicTaB-
JIEHBI Ha IIUKJIOrpaMMe puc. | (momHbIi nuki mara (¢, %); 0 HUKIIOB I1ara npu KoHtakre (60 %)
u npu nepeHoce cromnsl (40 %). I — MATOUHBIN KOHTAKT; 2 — IOJIHOE ONKUPaHKUE CTOMbI; 3 — TOUKa
B MOMEHT TIepexo/ia Ha HOCOYHYIO OTIOPY; 4 — TOYKa MpeIeIbHOr0 HOCOYHOTO KOHTAKTa; J — TOUYKa
B MOMEHT Tiepexojia B a3y rmepeHoca CTorbl; 6, 7 — TOYKHU B (a3e mepeHoca; § — TOYKa MATOYHOTO
KOHTaKTa B MOMEHT 3aBepIIeHUS (a3bl MepeHoca).

60%

Puc. 1

CucreMa KOOpIMHAT MPEICTABICHA B CATUTTAILHOM MJIOCKOCTH JABYMSI OPTOTOHAIBHBIMHU OCSIMH,
OJTHAa U3 KOTOPBIX KECTKO CBs3aHa ¢ OChio ToneHu. OtmeTnm, uto 60 % nukia mara (¢ = 60) coot-
BETCTBYIOT TOJIBKO MOCJIEOBATEILHOCTH KOH(DUTYpAIIH TOJICHOCTOITHOTO CycTaBa B (pa3e KOHTAKTa
C OMOPHOM MOBEepXHOCTHIO. [Ipu msaTouHOM (TIepBasi KOHPUTYpaIUsi) U HOCOYHOM (BTOpasi KoH(pU-
rypanusi) KOHTakTax HaOJronaercs MoAOIIBEeHHOE pa3rubanue — yroia yi. TpeTbs KoHpurypanus
OTIHCHIBACTCS] OPTOTOHAILHOM CUCTEMOM KOOPIMHAT — TMOJHOE OMHUpaHue CTONbL. B 1ensax ynodcrea
00pa3HOTO MpeICTaBICHHS 9T KOH(UTYpAITUU Ha PUCYHKE MPOCTPAHCTBEHHO pa3HeceHbl. [Ipu omope
Ha MSTKY BO3HUKAIOT BPALIAIOIMI MOMEHT B CaruTTaIbHOM MJIOCKOCTH U COIMYTCTBYIOUIUI Bpalliato-
it — B onopHO. BBenem 0003Ha4eHMsI COOTBETCTBYIOIIUX YTIIOBBIX CKOpocTeit: 11, o1. [TepBbie
WHJIEKChl COOTHOCSITCA C HOMEPAMH IIOCKOCTSIMU, BTOpble — Touek. [Ipu omope Ha HOCOK Takxke
BO3HHUKAIOT BpAIAIOIIME MOMEHTHI. B OMOPHOI TIIOCKOCTH MOMEHTY COOTBETCTBYET YIJIOBasi CKOPOCTh
Q)4, a B caruTTanbHOi — Q4. ®aza nepeHoca cTonbsl 0003HaYeHa YCIOBHOM Iyroii ¢ TOYKaMu J—§.
B a3710i1 daze cTynHa coBepiiaeT kojedaTebHble ABHKEHUS: ()(f) — OTHOCUTENBHO OCH, CBSI3aHHOM
C TOJIEHBIO, U Y(f) — B CaruTTaIbHOU TIOCKOCTU. OTpPEe30K MPSMOU ¢ TPaHUYHBIMH TOYKaMU 3, 8
OTIpeeNsIeT AJMHY IIara.

Panee Hamu ObLITM yCTAaHOBJICHBI 3aKOHOMEPHOCTH yAApHO-(QPUKIIMOHHOTO B3aUMOJICHCTBUS
ATKU ¥ HOCKa ctonsl [3]. [Ipu aTom daza momHOTro onupanus (mepekara) He BIIUCHIBATIACH B ,,y/ap-
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Hy10 KoHIenuio“. [lenbro HacTosIIe padoThI SBISETCS MOACTUPOBAHNE MEXaHUKH TIepeKara CTo-
1ibl. OTMETHUM, YTO B psiie paboT TOJIBKO OTMeYaeTcsl PakT MPOSIBICHUS OTIEPEUHOM COCTaBISIONICH
cuibl TpeHus [4-8]. Jlaxke crienuaiucThl B 0OJACTH OIEHOK JKECTKOCTH TOJIEHOCTOIHBIX CyCTaBOB
HE NMPUHUMAIOT BO BHUMaHHE 3TOT daktop [9—12], 1 MOmeTupOBaHUIO STOTO SIBJICHUS HE YIESAI0Ch
JIOJIKHOTO BHUMAHHUS.

AHaJIu3 IKCNepUMEeHTAIbHBIX JaHHbIX. Ha puc. 2 npeacrapieHo pacrpeesieHHe KacaTeIbHbIX
MONEPEYHBIX CUJl F' B TNIOCKOCTH ONOPHI.

[TsaTouHast 1 HOcoyHasi 001aCTU CTONBI MOCTOSTHHO F. %
HaxOJSTCS B 30HAX YIapHOTO B3aUMOJCHCTBUS, KOTOPOE

B OTIOPHOM IJIOCKOCTH €CTECTBEHHO MOJICIIUPYETCSI 0000- 4t
meHHbIMU QyHKIUsAMU Opmuta [3]. [lpeumymecTsom

000011IeHHBIX PYHKLIUNH DpMUTA SBISETCS CBOMCTBO JIO- 0l
KaJbHOCTH, 3aKJIIOYAIOIIEEeCs] B TOM, YTO MX IIOBEACHUE I
B IIPOCTPAHCTBE HA [X1, X2]| HE 3aBUCUT OT MOBEJACHUS U 4l

MOCTPOCHUS HA JAPYTUX OTpe3KaxX. DTUMH (QYHKIUIMU
yI00HO MOACIMPOBATH yAAPHO-QPUKIIMOHHOE B3aMMO-
JeHCTBHE, KOTOPOE MPOSBISETCS KaK JIOKAJIbHBIA HM-
yJIbC MJIM MOMEHT MMITyJIbca cuibl. Kpome Toro, mapa- 0 20 40 %
METpbI 3TUX (QYyHKIUI Oiarogaps pa3BUTOMY ammapary

TEOPUHU BEPOSTHOCTEH MPO3PAYHbI Il HHTEPIIPETAILIUN Puc. 2
pe3ynpTatoB pacuetoB. Tak, Ha puc. 3 cnesa (MATKa) U ,
crnpaBa (HOCOK) JIOKaJIbHBIC B3aUMOJICHCTBHSI ITPH TPEHUU £ %
BEpUEHUS NPECTaBICHbI (popMyIaMu:
—c=0-20% 4r
Ey = A41(x — By)exp(—((x — B1)/D1)?), (1) ol
—c=40-55%
44 L
Ep = Ax(x — Bo)exp(—((x — B2)/D2)?) 2)
-8 . . ‘ . .
0 20 40 ¢, %

C MmapaMeTpaMM JaHHBIX, MOJYUYEHHBIX U3 SKCIIEPUMEH-
Tta. B1 = 10; B, =50; D1 =4; D, =4; a; =— 1,25; npu Puc. 3
atoMm F'=E| + E>. B(1), (2) A — npenenbHble 3HAYCHUS
(GbyHKIUiA, B — TOYKM MTHOBEHHOTO KacaHUs MATKUA U
HOCKa C OIIOPHOW MMOBEPXHOCTHIO, 1) — UCIIEPCUOHHBIN
rapamerp, 31€Cb apryMeHT € = X.

Kak BugHO u3 puc. 2 u 3, ¢a3a nepexara HaXOAUT-
cs B mipeaenax ¢ = 1644 %, 1. e. BHE JTOKAJbHBIX 30H
¢bynkumit Opmuta. Ha puc. 4 sta daza npeacraBieHa
HaKJOHHBIM Y4YaCTKOM, KOTOPBII allmpOKCUMUPYETCS
JMHEHHBIM YPAaBHEHHEM

Fg=a+bx, 3)

0 10 20 ¢, %
TAC B YCIOBHUAX MPCACTABICHHOI'O paCpCACIICHUSA CHUIT
a=06,168; b =0,1974 . 3nech a = F*% — mMakcumaJb-
HOE 3HAUEHUE KacaTeJIbHbIX CUJI B 30HE MepeKaTa CTOIbI;
b — TaHTeHC yIy1a HaKJIOHA MPsAMOH, a v = arctgh = 0,144 pax — yroy HaKJIOHa NIPSIMOM, J1aiee Mpu-
HUMAaEeMBIN 3a YTOJI pa3BCPTKU BUHTOBOU JIUHHUU HA MOACJIIBHOM IUWJIMHAPC U YIoJl OTHOCUTCIIBHOT'O
C/BHTa TOTO K€ YIPYroro HWIMHIPA.

Puc. 4
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F,%
041

Kpome Toro, 3nech HaOmronaercst konebaress-
HBII mporiecc (TOYKH), KOTOPBIN almpOKCUMUPYETCS
psanamu Oypee (puc. 4, npsmasi):

F=agp+ ajcos(cw) + bisin(cw) +

ayc0s(2ew) + basin(2ew), )

rae koddduuentsl ag = —0,096; a; = 0,1182; by =
0,3262; a; = 0,1006; by = 0,3316; w = 0,2768 — ua-
CTOTa KonebaHuit (puc. 5, IMTPUXU — HKCIEPUMEHT,
10 ' 20 % cruiomHas — psia Pypee).

Takum 006pa3om, BAHTOBOE IBUYKEHHE COBMECT-
HO C TIONEPEYHBIM KOJIeOaTeIbHBIM MTPOIIECCOM Pean-
3yeT mepekar cTombl. J{s 00pa3HOro mpeacTaBiIeHUs
mporiecca rnepekarTa CToIbl MOYXHO ObLUTO OBl UCTIONB30BaTh MeTadopy ,,X0I 3Men .

BunTtoBoe nepekarbiBanue. [Ipy mocTaHoBKe 3a7a4u MPUMEM, YTO OOKOBAsi YacTh MOAOIIBBI
MpeCTaBIsIeT cO00 apMUPOBAaHHBIN BIOJIb OCH KOJUTATEHOBBIMU BOJIOKHAMH YIPYTUN IHJIUHAP.
B Hauane KOHTaKTa MATKU C OMOPOM MO TYIBIM YIJIOM TOJIEHb—CTONA, KaK MOKa3bIBaeT OmbIT [13],
dbopmMupyeTcsi yIapHbIii MOMEHT Haphbl CHJI, KOTOPBIE MOJIETUPYIOTCS 0000IIEHHBIME (DYyHKITUSIMHU
Opmuta E1(c). OTHOBpEMEHHO 3aKpYUYUBACTCS [IUIUHAP Ha yroil Y, ¥ BOJIOKHA MPHU 3TOM pacroa-
ratorcst o BuHToBoM MHUM AC (puc. 6). CaM HWIMHAD 3a CUET NPYKUHHOTO JEUCTBUS apOYHOU
CTYIHH yKopauuBaetcs — oTpe3ok BC. [lanee peanusyercs npoiiece ThUIBHOTO CTUOAHNUs, UMEIOIIETO
KPUTHUYECKYIO TOUKY U KPUTUYECKOE 3HAYEHUE, 110 TOCTUKEHUHU KOTOPOr0 HAYMHAETCS IIPOLIECC Mepe-
KaTbhIBaHUS IIUIIMHAPA IO BUHTOBOM. DTO COOTBETCTBYET pa3BepTKe BUHTOBOM NuHUH, rae A'C — 3T0
NepBOHAYajIbHas JUIMHA LUIUHAPA. YTOJ Y SBJISETCS YIJIIOM OTHOCUTENILHOTO C/IBUra IIPHU KPYUEHHUH
[14] u nanee ¢ yuetoM Moayns caBUra G pacCUMTHIBAIOTCS KacaTelbHbIC HAMPSHKEHUs Ha OOKOBOM
MOBEPXHOCTH IMIIMH/IPA ¥ OTIOPHOM MOBEPXHOCTH, KOTOPHIE ¥ (POPMUPYIOT CHITBI TPEHUS B TIOTIEPEY-
HOM HarpaBlIeHUH Mpu Xoas0e. Ha puc. 6 nmpencrapieHa cxema ynpyro-BMHTOBOTO TiepeKara CTOIIbI,
rae ¢, %o — pacupeesieHHas BepTUKaJIbHasl Harpy3Ka B 3TOM 30HE.

W3BecTHO [14], 9TO yron 3aKpy4uBaHus BBIYUCIAETCA 1O popmyre:

M,,BC
GJ, ’

p

Puc. 5

£AOB=¢=
nd* 5
e J, = 73, — MOMAPHBIN MOMEHT HHEPUNH KPYITIOTO CTepiKHS (uunmuHApa), d = 2r — 11edo napbl

cui, Myp = Fd — MOMEHT Kpy4€HHS.
[Tocne HecnoXHBIX anredpandecKkux NpeoOpa3oBaHUM MMOTYUUM BbIPAXKEHUE /IS IOIIEPEUHOr0
yIpYTro-(QppUKIHOHHOTO YBOJIA CTOTIBI:

—=—0G. 5)

~
']
e

\9}

®opmyna (5) oTpakaeT CBI3b MEXKIY CUIAMHU
Y, C AlNo, KacareJbHOTO TOMEPEYHOr0 B3aNMOICHCTBHS CTOIIbI
Kp o o
~N— ’ ¢ y4eTOM YIPYTHX CBOWCTB €€ MOIOIIBEHHOW YaCTH,
v
v

r

o

C TEOMETPHUEH yIpPyroro NpUBEIECHHOTO CTEPKHS U
; p YIJIOM pa3BEpPTKU BUHTOBOM JIMHUU — YIJIOM YBOAA

Ve 7
/ / ctonsl. [To cymectBy 310 hopmyna ynpyro-BUHTOBO-

7
B’ —————— /C/' ro yBoza ctomsl. [IpakTudeckast IEHHOCTb (OPMYJIBI
A% //&h e 3aKJII0YAEeTCsl, HallpuMep, B 000CHOBAHHOM IPOEKTH-
- POBAHHU PEAOMINTALIIOHHOTO OPTE3a CTOIIBI C Y4eTOM
Puc. 6 JIEBOTO-IIPABOrO BUHTOB. OTMETHUM, 4TO JI€Basi 4acTb

[os]
N
(@)
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(opMyIIBI ONUCHIBAET Pe3yJIbTaT 0OPaOOTKH JaHHBIX o x106

. , Ma x—
JKCIEPUMEHTA; 3HAYCHMsI IApaMETPOB IIPABOU YaCTH \
MMEIOT HEKOTOPYIO HEOIIPEAEICHHOCTD, IOTOMY 4TO I

o \
IIPA UCIOJIb30BAHUM IIOAXOMA ,,IPUBEACHHBIA 1IU- 4 AN
JUHAP® paanyC IMJINHIPA HE MOXKET ObITh BHIOpaH N
IIPOU3BOJIBHBIM, a TOJIBKO B ITape ¢ MOAyIeM ciBura G: 3! N
Z=rG, S
2 s
rae Z = —F*, u pu 3a1aHuu napamerpa Z paanyc T~
n 1 D D N S S S I

MOJKET OBITH OIIEHEH, KaK 3TO MPEICTaBICHO Ha puc. 7. 0,01 0,012 0,012 0,012 0,012 7, M

371ech CIUIOLIHAS KpUBas MOJy4eHa MpU 3Ha-

Puc. 7

yeHuu Z = 400 %, nynktup — npu Z = 500 %, uro
cootBeTcTBYET Becy 70 u 80 KI UCTIBITYEMBIX.

3akarouenue. ONbITH MOKA3aJIM, YTO B MATOYHONM U HOCOYHOM OOJACTSIX CTYIMHH CHJIBI TOIIe-
PEYHOTrO KacaTeIbHOTO B3aUMOJCHCTBHS 00€CTIeUnBAIOT MPOIIECC TPEHHS BEPUEHHS, CaM MPOIIecC
JOKanu30BaH. B cuity 3Toro as MozmenupoBaHUs Ipoliecca ObUTH UCTIOIb30BAHbI TIOKAIN30BaHHBIE
¢dbyHkuu Dpmuta. B o6imacTu epekara CTombl, B CBOXO 04epE/ib, CHITBI KACATEITHHOTO B3aUMOICHCTBUS
MOJIETTUPYIOTCS] BAHTOBBIM YIPYTo-(GPUKIIMOHHBIM YBOJIOM M KOJIEOATETbHO-CKOMIB3SIIUM B3aUMOJICH-
CTBHUEM JIaT€pPaJIbHOTO y4acTKa CTYNHHU C OBEPXHOCTHIO. [lomydueHHas B pe3ynbrare UCCieOBaHNN
(hopMysa ynpyro-BUHTOBOTO yBOJa CTOTBI UCTIOIB3YETCs AJIs OLICHKH paJryca MPUBEIECHHOTO YIpy-
TOT0 CTEPKHS (IIIIMHAPA), YTO SIBJISIETCS OCHOBAHUEM JIJISl pa3pabOTKH KOHCTPYKIIMOHHBIX PEKOMEH-
Tl MpU MPOU3BOJCTBE OPTE30B.
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