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Pesiome

Uenb uccnedosaHusi. B Hacmosiwee epeMsi WUPOKOe pacrnpocmpaHeHue rosly4arom 3K30CKenemsl, cyujecm-
8EHHO 0BbILIAKWUe 803MOXHOCU Yesiogeka 8 Yyacmu obriecdeHusi 08UXKeHUSs], nepeHoca mspkecmel U pasiuyHbIX
8udo8 desimeribHocMuU, Mpebyrouwux 3HadyumernbHbix ycurnut. OCobeHHO 3¢hQheKMUBHBIMU OKa3bi8atMCs 9K30CKe-/1embl,
10380/157FOUUE OCYULECMBITSIMb CIIOXHbIE 8UOLI OBUXXEHUS KaK HUXKHUX, MakK U 8epXHUX KOHeYHocmel, Ymo CyuecmeeHHO
pacuwupsiem 603MOXHOCMU YerioeeKa Mpu 6bIMTONIHEHUU pa3epy304HO-M0epy304HbIX pabom. CpasHUMEesbHO HedaeHOo
Hayanucb pa3pabomKu 3K30CKeNemos, 8 KomopbiX Haxo0sim MpuMeHeHUe 3rieMeHmMbl epasumayUoHHOU KoMeHcayuu,
rnosmomy rpoeedeHue uccriedosaHull 3HepeemuYecKux 3ampam 8 rnpouyecce nodbema 2py3a U U3ydeHue 6IlUsHUS
epasumauyUoHHbIX KOMIIEHCaImopo8 Ha 8e/lU4UHY MOMEHMO8, co30asaeMbIX 3rieKmporpusodamu 6e0PEHHO20 U KONTEHHO20
WiapHUpPO8, S8IISIF0IMCS akmyasibHbIMU U orpedernsomces u3 0aHHoU pabombi.

MemoOsi. [Ina peweHusi nocmasiieHHbIX 3aday UcCronb308anuck Memoodbl CUCMEMHO20 aHasu3a, poeKmupo-
8aHUs1 BUOMEXHUYECKUX CUCMEeM, meopuu yrpaeseHusi, meopuu MexaHu3Mos8 U MaliuH, MemoObl MamemMamu4ecKo20
modernuposaHusi OUHaMUYEeCKUX cucmem, Memodbl OMUMaribHO20 MIaHUPOo8aHUsi U npoekmuposaHus. [lpu cosdaHuu
rpoepamMMHbIX npodyKMOo8 UCIob308aHbl Mamemamuyeckue nakemsi Matlab/Simulink.

Pesynbmamsi. [Toka3aHo, 4mo NpuUMeHeHUe epasumayUoOHHbIX KOMIEHCAMOpPO8 0380/1em 3HaqyumesibHO
CHU3UMb Ha2py3Ky Ha anekmponpusodsl. [JeuxeHue epysa npoucxodum 3a cyem pabomel 0gueamernel, pacroso-
JKEHHbIX 8 30HE 20/1eHOCMOIIHO20, KO/IeHHO20 U 6edpeHH020 cycmagos. Tak Kak rpu nodbeme epy3a O8uXeHue
3K30cKeniema rnpoucxodum 8 casummarsbHOU MI0CKOCMU, MO MOMIOXEHUE 38EHbE8 3K30CKe/lema 8 rpocmpaHcmee
onpedesnisiemcs YembIpbMsi He3asUCUMbIMU rapamempamu.

3aknro4yeHue. PaspabomaHa mamemamu4yeckasi MoOesib nodbema 2py3a 4esilo8eKOM 8 3K30ckerieme. Bbirorn-
HEeHO MamemMamuyeckoe ModenuposaHue rnpoyecca nodbema 2py3a ¢ MoOMOWbHK 3/1eKMPONpPU8odo8 3K30cKesiema.
Ocoboe sHuMaHue ydeneHO U3yYeHUI BIUSIHUSI 2pasumayUOHHbIX KOMIIEHCAMOPO8 Ha 8E/IUYUHY MOMEHMO8, CO-
30asaeMbix anekmpornpugofamu 6edpeHHO20 U KOJIeHHO20 wapHuUpos. [lokasaHo, Ymo MpuMeHeHue 2pasuma-
UUOHHbIX KOMIMEeHCcamopo8a Mo380/siem 3Ha4umesibHO CHU3UMb Hagpy3Ky Ha 371ekmpornpusoldbl. Takxe nposedeHo
uccnedosaHue 3Hep2emMUYeCKUX 3ampam & npouecce noobema epy3a.

Knroyeesnie crioea: s3k30cKkesiem; epasumayuoHHas KoMrneHcayus, noonem epy3a, MamemMamu4veckas mooerib.

KoHghsiukm unmepecos: Asmopbi Oeknapupyrom omcymcemeue si8HbIX U MomeHyuabHbIX KOHBIUKMOE UH-
mepecos, cesizaHHbIX C Mybukayuel Hacmosiwel cmambu.
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Abstract

Purpose of research. Currently, exoskeletons are getting widespread use. They enhance human capabilities in
terms of ease of movement, carrying loads and different types of activities that require considerable effort. Especially effec-
tive are those exoskeletons that make it possible to make complex types of movement of both for the lower and upper
limbs, which significantly expands the capabilities of a person when performing loading and unloading operations. Relative-
ly recently, they have started the development of exoskeletons which use the elements of gravity compensation. Therfore,
the study of energy costs in the process of load lifting and the study of gravitational compensators influence on the magni-
tude of moments made by the electric drives of the femoral and knee joints, is relevant and is revealed in this paper.

Methods. Methods of system analysis, design of biotechnical systems, control theory, theory of mechanisms
and machines, methods of mathematical modeling of dynamic systems, methods of optimal planning and design
were used to solve the problems. Mathematical packages Matlab/Simulink were used to make software products.

Results. The study shows that the use of gravity compensators can significantly reduce the load on electro-
drives. The movement of load is due to the operation of engines located in the area of ankle, knee and thigh joints.
Since the movement of the exoskeleton occurs in the sagittal plane during load lifting, the position of the exoskeleton
links in space is determined by four independent parameters.

Conclusion. The mathematical model of load lifting by a man in an exoskeleton has been developed. Mathe-
matical modeling of the process of load lifting with the help of exoskeleton electric drives has been made. A special
attention is paid to the study of gravitational compensators influence on the magnitude of moments created by the
electric drives of femoral and knee joints. It shows that the use of gravity compensators can significantly reduce the
load on electric drives. Also, the study of energy costs in the process of load lifting has been conducted.

Keywords: exoskeleton; gravity compensation; load lifting; mathematical model.
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BBeaeHue HULC, HAL, Panasonic u mpyrue, cyiie-
B HACTOsAIIEE BPEMS LIUPOKOE PacIpo- CTBE€HHO IIOBBIIIAIOIIME BO3MOXKHOCTH 4YEC-
CTpaHEeHHE MOJY4YaloT 3K30CKeneTbl Fortis, JIOBEKA B 4aCTH OOJICTYCHHUs JBIDKCHHUS, IIe-
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pEHOCA TSHKECTEW M PasIMYHbIX BUIIOB JAEs-
TEJIBHOCTH, TPEOYIOLMX  3HAYUTEIIbHBIX
yerwmid. OcobeHHO APPEKTUBHBIMU OKa3bl-
BaIOTCS DK30CKEJIEThI, IO3BOJLIIOLIUE OCY-
LIECTBIIATh CJIOKHBIE BUJBI JBMXKECHUS Kak
HIDKHHX, TaK U BEPXHHUX KOHeuHOCTeH [1-3],
YTO CYLIECTBEHHO PACIIUPSAET BO3MOXKHOCTH
4eJI0BeKa IIPU BBINOJIHEHUU pa3rpy304HO-
HOTPY30YHBIX PadoT.

CpaBHUTENIBHO HEJAaBHO HAYaJUCh
pa3pabOTKH  JK30CKEJIETOB, B KOTOPBIX
HaxoJAT NPUMEHEHUE 3JIEMEHThI I'paBUTa-
LIMOHHOW KOMIIEHCAUIUU. TepMUH «TpaBH-
TalMOHHAs KOMIIEHCAlUs» U €ro aHrJIui-
CKHUil aHayor «gravity compensation» wc-
NOJIb3YIOTCA JJi1 0003HAa4YeHHs] CBOWCTBA
OTHEJBHBIX 3BEHbEB MEXaHHW3Ma HMETh
CTaTUYECKH YCTOMYMBBHIC IOJOKEHHUs, HE
3aBUCALIME OT BEPTUKAIBHOIO IepemMenie-
HUS 3BeHBEB. /{7151 BHEIITHETO HAOIIOAATENS
JIBJKCHHE STUX 3BEHBEB MEXAHU3MA BbI-
TJISIIAT TakK, KaKk eciau Obl Ha HUX HE JeH-
CTBOBAJIO T'PABUTALIMOHHOE TTOJIE.

B Takux sk3ockeneTax OAHO WM He-
CKOJIBKO €T0 3BEHbEB HMMEIOT CTaTHUYECKH
YCTOMYMBBIE IIOJOKEHUS, HE 3aBUCALIUE
OT MX BEPTUKAJIBHOTO NepeMenieHus (1o
BEPTUKAIBHBIM [EPEMEIIEHUEM 371ECh M
Jlanee Moapa3yMeBaeTcsl TBUKEHHUE BJIOJIb
JIMHUI rpaBUTAlIMOHHOTO N0J1s1). [Ipn sTom
MOAPa3yMeBAETCsA, YTO HJisi COXPaHEHHS
YKa3aHHOTO CBOMCTBAa MEXaHHU3MYy HE Tpe-

OyeTcst paboTa IPUBOIOB.

MaTepuanbl U MeToAbl pelleHus 3aaa4m

MexaHu3Mbl C TpaBUTAMOHHON KOM-

HGHC&HHeﬁ ACJATCA Ha TpU THUIIA:

1. MexaHu3M DK30CKeIeTa C JIOIOJI-
HUTCIBPHBIMU MaccaMd JUII HM3MEHEHUS
MOJIOKEHUS IIEHTPa Macc.

2. MexaHu3M 3K30CKeNeTa ¢ ynpyru-
MH 3J€MEHTaMH I CO3JaHUSl CHJI, KOM-
HNEHCUPYIOLINX CHITY TSKECTH.

3. MexaHu3MBbl, HCIONB3YIOIINE TPEHHUE
B [IIAPHUPHBIX COSTUHEHUSX U IIPUBOIAX.

MexaHU3MBbI, OTHOCSIIIUECS K IEPBO-
My tumy [1], IpoeKTHpyOTCS TakuM 00pa-
30M, 4TOOBI CHJIA TSDKECTH, JCHCTBYIOIIAS
Ha 3BEHO, Ul KOTOPOTO MPOBOAMTCS Tpa-
BUTAIIMOHHAS KOMIICHCAIMS, MPOXOAUIa
yepe3 OCh BpallCHHs, HaNpuMep depe3
IAPHUPHOE COECIMHEHUE CO CTOMKOM. [l
MOTOOHBIX MEXaHH3MOB XapaKTEePHBI Psil
MPEUMYIIECTB, CBSI3aHHBIX C BBICOKOH
HAJIGKHOCTBIO paboThl. HemocratkoM Ta-
KOTO POJa MEXaHH3MOB SIBIISICTCS yBEIH-
YeHWE MAacChl 3BEHBEB, UYTO IMPHBOJUT K
YBEIIMYCHUIO WX HMHEPIHOHHOCTH M OKa-
3pIBACT HETATHBHOE BIMSHUE Ha paboTy
sKk30ckenera [1-2].

MexaHu3MBbI BTOPOTO THIIA SIBIISTFOTCS
HanOosiee TmepcriekTUBHBIMU [1-3].  lns
NOJOOHBIX MEXaHHU3MOB XapaKTEePHBI Psif
MPEUMYIIECTB, CBSA3aHHBIX C TOCTH)KEHUEM
pe3ynpTata Mpd MHHAMAIBHOM YBEIUYe-
HUU Beca KOHCTPYKIIMU K30CKEJIeTa.

MexaHU3MBbI, OTHOCSIIUECS K TPETh-
€l KaTeropuu, TakKe IUPOKO MPUMECHS-
I0TCS B POOOTOTEXHHKE, 371Ch CTAaTHYe-
CKOC paBHOBECHC MOJIOKEHUS MEXaHU3Ma
JOCTUTAETCsl 32 CUET MPUMEHEHUS YIpaB-
JSIEMOM CWJIBI TPEHUS B IIAPHHPHBIX CO-
eIMHEHUSX H TMpuBojax. Hemocratkom
YCTPONCTB TaKOTO THIA SBISETCS TO, YTO B
MeXaHU3Ma

mpouecce 9KCIITyaTallun
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(PUKIIMOHHBIE CBOMCTBA OTACNIBHBIX Iap
TPEHUSI MOTYT U3MEHSThCS, YTO MPUBOJUT
K II0T€pE MEXAaHW3MOM CBOMCTB I'DaBHTa-

IIMOHHOM KOMITeHcaIuu [2].

2. Pe3ynbTaTtbl 1 UX 06CcyXaeHune

PaccMoTpuM cxemy moabema TIpys3a
YEIIOBEKOM C HCIIOJIb30BAHUEM 3K30CKeJIe-
ta (puc. 1). Ha nanHOM 3Tare paccMoTpum
I'PABUTAIMOHHBI MEXaHH3M BTOPOTO TH-
na. [IpeacraBuM pacueTHYIO CXeMy 4Yelo-
BEKa B 9K30CKEJIETEC B BHJIC MHOTO3BEHHOM
CUCTEMBI TBEPJIbIX TEJI, CBA3AHHBIX MEXIY
coboii mapuupamu. [Ipenmnonaraercs, 4To
HUKHUE KOHEYHOCTH YEJIOBEKAa M 3BEHbBS
IK30CKEeJIeTa JBIKYTCS OJWHAKOBO |
MPEACTABISAIOT 7 TBEPBIX TEN, CBSI3aHHBIX
MEXIy COOOW MIIMHAPUYECKUMU IIapHU-
paMu, OCHAIICHHBIMH JJICKTPOIIPHUBOIAMHU.
Pyku pacronoxeHbl BepTHKaIbHO U

yIEepKUBAIOT Tpy3 Maccoil Mg. Crombl ye-

/

JIOBEKA HE OTPBIBAIOTCS OT OMOPHOM IO-
BEPXHOCTH.

JIBr>keHue rpy3a IpOUCXOJUT 3a CUET
paboThl 3IEKTPONPUBOJIOB, PACIOJIOKEH-
HBIX B 30HE T'OJICHOCTOITHOTO, KOJIEHHOTO U
OenpeHHoro cyctaBoB. Tak Kak MpU MOIb-
eMe rpy3a JIBHKEHHE HK30CKeJeTa MPOUcC-
XOJUT B CATUTTAIILHOM IJIOCKOCTH, TO TO-
JIO’)KEHHE 3BEHBbEB DJK30CKEJNeTa B MpO-
CTPaHCTBE MOXHO ONPENEIUTh C IMOMO-
11610 4 HE3aBUCHUMBIX MTAPaMETPOB.

Takum 00pa3om, 4eThIpe yria 3aJaroT

[10JIO’KEHHUE DK30CKEIIETA.
— T
q=(9,: 05,94, 05) . (1)
Bynem uckatb BeKTOp 000OIIEHHBIX

xoopaurar { . Ilycts nanma 6mounas Bek-

top-pyrxims F (7), xoropast onpenenser
3HAYEHUsI, COOTBETCTBYIOIIUE MPOCKIIUSIM
[IEHTpa MacCc W Tpy3a B 3aBUCHMOCTH OT

00001IeHHBIX KOOpANHAT { .

0

Puc. 1. Cxema yenoseka B aKk30ockeneTte npun nogbemMe rpysa

M3Bectus KOro-3anagHoro rocyaapcTBeHHoro yHuBepcuTeta / Proceedings of the Southwest State University. 2019; 23(2): 8-17
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F (@) =[Seo(@), (@] - )

Brenem Takke BeKTOp-()YHKITHIO:

D) =[% (1), Yo (1), X ), Y O, (3)
KOTOpasi OMNpeleNsieT IMOJOKEHHE LEHTpa
Macc U Tpy3a Ha 3aJlaHHBIX TPACKTOPHSIX.
Tak kak

F@=o(), (4)
TO IOJyduM ypaBHeHHe (3), M3 pelieHus

KOTOPOTO MOJKHO OTPEJCINUTh 3HAYCHUS

Bektopa ( 1o 3amaHHOM (yHKIHMK D(t).

Jnst moydeHust pemieHust STOro ypaBHEHHUS

npoauddepenimpyem (3) Mo BpeMeHu:
oF =

——q=a(). (5)

aq

Orcrona,
—~-1

= aF =

q= (——} O(t) . (6)
aq

O603HauuM 00paTHYIO MaTpuLy

Axobu
1=y ™

oq
Torma, B auckpeTHOW (opme BbIpa-
xeHue (6) MOXKHO MPEJICTABUTH B BUJIC:

0" =0+, J AD(L). (8)

Bce uetpipe 3Tana moabsema rpysa dK-
30CKEJIeTOM M300pakeHbI Ha PUCYHKE 2.

3aBUCUMOCTH aOCOJIFOTHBIX YIJIOB IT0-
BOpOTa 3BEHBEB (CIUHA, OENPO, TOJICHB)
TIOJTyYEHBI B PE3yJIbTaTe PElIeHUS 00pat-
HOU 3a7a4yu KuHeMaTHku (puc. 3).

Jllanee, 3amaguM W3MEHEHHE  HOP-
MaJlbHOM peakiuu (puc. 4) B BUE MOJHU-

HOMa TPETLETO MMOPAAKaA:
3

Ng :(O'ZKiti)T- (9)

i=0
[IogpeM rpysa pasznenum Ha 4YEThIPE
aramna. [IepBeiil — moaXox K rpy3y, BTOPOU
— 3axBaT rpys3a pyKamH, TPETUU — OTPHIB
rpy3a OT TIIOBEPXHOCTH, 4YETBEPTBIA —
NOBbEM I'py3a.
Cuibl 1 MOMEHTBI, JEHCTBYIOIIUE Ha

T'py3, IpcaAcTaBuM B BUJC ABYX BCKTOPOB.

qsso = (Ryo, Mso)T : (10)
d_)87 = (R, Mm)T .

(11)
DTH BEKTOPHI PaBHBI MEXKITY COOOM
680 = (587 ] (12)

1.5

057
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Puc. 2. MNMonoxeHne yenoBeka B 9K30CKeneTe B pasnnyHbie MOMEHTbI BpeMeHN
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Puc. 3. 3aBncnmocTb abCoMOTHBIX yrnos, onpenendrumnx nofioxkeHne 3BeHbeB 3K30CKeieTa BO BpeMeHU

Ngp
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Puc. 4. 3aBncUMOCTb HOpMarnbHOW peakumm OT BpeMEHU
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Pwuc. 5. 3aBUCMMOCTb MOMEHTOB OT BpemMeHun
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Puc. 6. 3aBncumoctb KoopAanHaTt, onpeaendarwmnx norfioXxxeHne rpy3a ot BpemMeHun
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Iycth BeKTOp Sy = (XBOyBO(PBO)T ompe-
NEJSIET TOJIOKEHUE TPy3a KaK MPU HaXO0XK-
JCHUM Ha ITOBEPXHOCTH, TaK U IIPU OTPBIBE.
MoMeHTBI, NEHCTBYIOIIME B COOTBETCTBY-

IOLIUX [IapHUPaAX, 00pa3yroT BEKTOP
M = (M21 My, My, Mes)T ' (13)

Onpenenutb 3TOT BEKTOP MOXHO IO

dbopmyre

M7 =@, (14)
_\_ 3Sg(@)
roe J(0) = —Gq ) (15)

[To 3amaHHOMY BEKTOPY 0 Heobxo-
JMMO OTIPE/ICIUTh BEKTOP MOMEHTOB DJICK-
TPOIPUBOJIOB.

ITocTaBuB BCce BBIPAXXCHMUA, HOJ'Iy‘—II/IM:

P P 1 LT AL aH
Ma=Ag+Aq-=q | 2 |+ 5, (16)
2 aq aq

T

— = |- 1| Aq| |~ a1
Mo =Ag+| 4-=| 23| [3+22. a7)

2| 0q 0q
B pesynbrare mpoBelneHUs BCEX BBI-
YUCJICHUH TIOJIyYMM 3HAYC€HUS MOMEHTOB

AIIEKTPOTIPUBOIOB OT BpeMeHHU (puc. 5).

BbiBOoAbI

B cratbe pazpaboTana MaTemaTudecKas
MOJICNb TOJTbEMa T'Py3a YEIIOBEKOM B 3K30-
ckesiete. BBINOJHEHO MaTeMaTH4eckoe Mo-
JeTIMPOBaHUE TIpoIiecca MoIbeMa rpysa C
TIOMOIIBIO JICKTPOIPUBOJIOB IK30CKETIETa.
Oco0oe BHUMaHHUE YNEICHO H3YUYCHHUIO
BJIUSIHUSL TPABUTAIIMOHHBIX KOMIICHCATO-
POB Ha BEIWYMHY MOMEHTOB, CO37aBae-
MBIX JJICKTPOIPHUBOJAMHU OCIPEHHOTO U
KoJIeHHOro mmapHupoB. [lokaszaHo, dTO
NPUMCHEHHUE TPABUTAIMOHHBIX KOMIICHCA-
TOPOB TIO3BOJISICT 3HAYHMTEIBHO CHU3UTH
HArpy3Ky Ha OJJIGKTPONPHUBOIBL Takke
NPOBEACHO UCCIEAOBAHUE HHEpreTuye-
CKHUX 3aTpar B Ipoliecce NopeMa Ipysa.
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