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Abstract. A two-link model of exoskeleton with variable-length links for supporting the
lower limbs of the human musculoskeletal system is proposed in the article. The researched
model differs from the existing ones by the variable-length links, and by the angle calculation
method. While in the existing models, the angles are calculated from the regular direction -
from vertical, or from horizontal, — in the proposed research they are calculated between the
links. As for practical exoskeleton implementation, the proposed method of angle calculation
is appropriate to the actual working conditions of the electrical motors with the reduction
gears installed in the hinges, which change the angles between the links. The construction
of a variable-length exoskeleton link consists of two absolutely solid weighty sections
located at both ends of the link and one weightless section between them in the center of
the link. In the weightless section, there is a drive that creates a control longitudinal force,
which realizes the increase or decrease in the length of the link in the required manner
and provides the necessary maintenance of the length of the link when the person moves
in the exoskeleton. The links are connected to each other using spherical hinges. Drives
are installed in each hinge, creating control torques, which provide a relative rotational
movement of the links. The jointly controlling longitudinal forces and moments realize the
maintenance of the posture or the movement of the link in the required manner and, in
relation to the exoskeleton, the repetition of the basic biomechanical properties of the human
musculoskeletal system. The mathematical model in the form of the system of Lagrange
differential equations of the second kind is obtained. The obtained mathematical model is
examined for existence and uniqueness of the Cauchy solution. The kinematic trajectory of
the link motion has been synthesized, which simulates the anthropomorphic movement of
the supporting leg during the single-support phase of movement, and the control actions
required for its implementation has been found. The significance of the results obtained
in the process of modeling lies in the ability to create active exoskeletons, prostheses in
medicine, anthropomorphic robots, and spacesuits that take into account the biomechanical
features of the functioning of the human musculoskeletal system.
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AHHoTaumA. B cTaTbe npennoreHa Mofesb ABYX 3BEHbEB SK30CKesNeTa NepeMeHHoM Q/INHbI
L1A NMOAOEPHKM HUMHUX KOHEYHOCTEN OMOpHO-ABUIaTeslbHOro annapata Yenoseka. OTimume
[laHHOW paboTbl OT MMEIOLLIMXCA 3aK/TI04AETCA B UCMOSIb30BaHUM 3BEHLEB, M3MEHSIOLLMX CBOIO
LUIHY, U B criocobe oTcyeTa YriioB, KOTOpble B APYrUX MOLENSX OTCUUTLIBAIOTCA OT MOCTOAHHOMO
HarpaBreHWs: OT BEPTUKaNW 60 OT rOPU30HTaNM, a B faHHOM paboTe — Mexay 3BeHbAMU. [pu
MpaKTUYeCcKoW peanu3aLmm 3K30CKesIeTa Tako Crocob oTcyeTa YriioB ABMAETCA afleKBaTHbIM
pearibHoMy criocoby paboThl YCTAaHOBIEHHBIX B LLIGPHUPAX SSTEKTPUHECKUX OBUraTeNen C pedyKTopamu,
KOTOpbIe U3MEHSIIOT YITibl MeXK Iy 3BeHbAMU. KOHCTPYKLMA 3BeHa 3K30CKe1eTa NepeMeHHOMN AHbI
npencTaBnsAeT cobol ABa abCosioTHO TBEPbIX BECOMbIX Y4ACTKa, PACMOSIOHEHHbIX Ha 060MX KOHLIaX
3B€eHa, ¥ 0OMH HEBECOMBII YHaCTOK MeH Y HMU B LIEHTPe 3BeHa. B HEBECOMOM y4acTKe pacrofoKeH
npvBof, CO3JaLUMUIA YNpaBAlLLY0 NPOAOSbHYI0 CUMY, PeasnusyloLlylo yBesMdeHe unm
yMeHbLLIEHWEe [TNHbI 3BeHa TpebyeMbIM 06pa3oM 1 obecrevrBaloLLyio HeobxoaMMoe Mo aepHaHe
LUTMHbI 3BEHa MpY OBUMEHWUW YeNloBeKa B 3K30CKeseTe. 3BeHbA COeAMHAIOTCA Mexay cobolt npu
MOMOLLM CHepUUECKMX LLIAPHUPOB. B KawaoM LuapHupe ycTaHOBeHbl NMPUMBOALI, CO3AaloLLme
YMNpaB/sioLLMe MOMEHTBI, KOTopble 06ecrneynBalT OTHOCUTENbHOE BpaLlaTesibHoe ABUMKEHUE
3BeHbeB. COBMECTHO YNpaB/isioLLIe NPOA0SIbHbIE CUSTbl U MOMEHTHI Peanu3ytoT NoAaepHaHVe Nosbl
WK NepeMeLLieHne 3BeHa TpebyeMbIM 06pa3oM U1, MPUMEHUTESTBHO K SK30CKeNeTy, NMOBTOPeHWe
OCHOBHbIX 61IOMeXaHUYeCKNX CBOMCTB OMOPHO-ABUraTesIbHOro annapara YesioBeka. [MonyyeHa
MoAenb B BuAe cucTeMbl auddepeHLmanbHblx ypaBHeHWM JlarpaHrka BToporo poga. lNpoBegeHo
“ccnefoBaHve MoJsly4YeHHoW MaTeMaT4ecKol MOLesv Ha CyLLecTBOBaHUE U eAUHCTBEHHOCTb
peleHvs 3agaumn Kown. CuHTe3MpoBaHa KMHeMaTUYeCcKas TPaeKTopUs OBUMKEHUA 3BeHa,
MOZenupyloLLas aHTporioMopdHoe ABUMKEHME OMOPHOM HOMM BO BpEMsA 0HOOMOpHON dasbl
LBUKEHUA, U onpefesnieHbl ynpasnAoLLMe BO3AencTBuA, HeobxoauMble As ee peanusaLuu.
3HauMMOCTb 3aKJilo4YaeTcA B BO3MOMHOCTM CO3[aBaTb yuMTbiBalOLMe HBUOMeXaHUYecKue
0CO6EHHOCTY OMOPHO-ABUraTesIbHOr0 anrnapaTa akTUBHbIE 3K30CKeSeTh! U MPoTe3bl.
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yron Mexiay 3BeHbAMM, JIOKaJIbHaA CUCTEMa KOOPAMHAT, ynpasnAoLme CUilbl U MOMEHTbI
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Introduction exoskeleton motion simulation is based on em-
pirical information about geometry and inertial

hen creating models of humanoid characteristics of the musculoskeletal system of
mechanisms, biological prototypes a particular person. The research in the construc-

from nature are used. In this article, the  tion of anthropomorphic robots and exoskele-
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