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AHHoOTauua. B cTaTbe paccMaTpuBaeTcA NPUHLMUNUANBHO HOBOE MOKONEHUE MAMKUX
3K30CKeneToB, GYHKLUMOHMPYIOLMX Ha OCHOBE MarHUTHO-PeosiorMyecKux Mogynen.
MpennorkeHa MoJesib 3BeHa 3K30CKeseTa C peryiMpyeMol HecTKOCTbio, /18 KOTOpoW
cocTaBfeHa cucteMa auddepeHUManbHbIX ypaBHeHUM ABUHKeHUA. PaspaboTaHa Mogesb
3K30CKeneTa A1 HUMKHMUX KOHEYHOCTEN YenoBeKa, CocTaBeHHan U3 Mogynei ¢ MarHUTHO-
peonormyeckon MUOKocTblo. Mcnofb3oBaHMe B 3K30CKeNeTe 3BeHbEB C perynmMpyeMom
Heo6X0AMMbIM 06Pa30M MEeCTKOCTLIO MO3BONIUT CO34aBaTh YCTPOMCTBA, KoMbopTabesbHble
LA M0Nb30BaTeNA Kak ¢ GU3MONOrMYECKOM, TaK 1 NCUXONOrMYECKOM TOYKM 3peHus. MAarkue
3K30CKesneTbl 6yayT BocTpeboBaHbl BO MHOMMX OTPACAX MPOMBILLIEHHOCTA U MeQULMHbI.
Mcnonb3oBaHue 311eKTpoMarHUTHBIX aKTyaTopoB, MMEIOLLIMX, KaK NpaBuio, MeHblume rabapuThi
n sHepronoTpebsieHNe, NPaKTUYECKU MIHOBEHHYI0 CKOPOCTb OTK/IMKA B CpaBHEHMUM
C NHEBMOMpMBOAaAMU, FTMAPONPUBOAAMU U 3NIEKTPONPUBOAAMM, ABNAETCA NepPCrneKTUBHbLIM
N TEXHUYECKU, SHEPreTUUECKU, SKONTOMMYECKU, SKOHOMUYECKH bonee npueMneMbiM. Mog
LEeCTBUEM 3/IEKTPUHECKOTO USIM MarHUTHOO MOJIEN HECTKOCTb 3MIEKTPOYMNPYIrX M MarHUTHO-
peosiorMyeckMx MaTepuasnioB MOXKeT U3MEHATLCA Bonee YeM Ha NopALoK. 3To nossonAeT
C03[aBaTb 3BeHbA 3K30CKeseTa C perynnpyeMoi *ecTKoCTbio. PerynmpoBaHmne ecTKocTH
3/1EMEHTOB MoJyJel 3K30CKesIeTa B perk1Me peasibHoro BpeMeHU ABNIAETCA CII0MKHOM 3aaadei
ynpasneHua. Mo3ToMy ynpasreHue OBUHEHUEM SK30CKeneTa TpebyeT pa3paboTKu anropuTMoB
afanTUBHOMO TUMA Ha OCHOBE Helpo-HeYeTKoro NoOAX0Aa, C UCT0/b30BaHMeM MHGOpMaLLMU,
rnosiy4aemoit no obpaTHoi cBA3U. HelpoceTeBble anropuTMbl caMoobydyeHna B npoLecce
GYHKLMOHUPOBAHUA ABMAITCA NOrMYECKM LieS1Ieco06pasHoi YacTbio MAMKOro 6MOHMYECKOro
3K30cKesneTa. TaKke B KadecTBe Heo6X04MMOI KOMMOHEHTLI 3K30CKeeTa HapAdy C aKTyaTopHOM
4acTbio He06X0AMMa CEHCOPHAA CUCTEMA C YYBCTBUTENbHBIMU [ATUYMKaMU HEPBHO-MbILLEYHbIX
UMMYNIbCOB MOJSIb30BaTeNA U Pa3fIMuHbIMU OATUMKAMU NOSIOMEHNA, CKOPOCTU, YCKOPEHUS,
CWNbI, MOMEHTa CUJTbI B NMPUBOAAX SK30CKesieTa. OnuckIBaeTCA MOCTPOEHME HEMPO-HEYEeTHUX
CUCTEM YMpaBneHUA MAMKUMU SK30CKe1eTaMU1 B paMKax pa3paboTU HOBbIX MaTeMaTUYeCKuX
METO40B MOLEIMPOBaHUNA CNOMHbIX TEXHUYECKUX 06BEKTOB.
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Abstract. The article considers a fundamentally new generation of soft exoskeletons based
on magnetic rheological modules. A model of an exoskeleton link with adjustable rigidity is
proposed, for which a system of differential equations of motion is compiled. A model of an
exoskeleton for human lower extremities, composed of modules with magnetic rheological fluid,
has been developed. The problems of kinematics and dynamics that arise when controlling the
movement of an exoskeleton are presented. A block diagram of an algorithm for controlling
the movement of an exoskeleton has been developed, solving control problems taking into
account neural network methods. A qualitative study by analytical methods of the proposed
mathematical model of an exoskeleton with links with adjustable stiffness is carried out.
The use of regulation of the rigidity of the links of the exoskeleton modules in the necessary
way will make it possible to create devices that are comfortable for the user, both from the
physiological and psychological points of view. Soft exoskeletons will be in demand in many
industries and medicine. The use of electromagnetic actuators, which, as a rule, have smaller
dimensions and energy consumption, an almost instantaneous response speed in comparison
with pneumatic drives, hydraulic drives and electric drives, is promising and technically,
energetically, environmentally, economically more acceptable. Under the action of electric or
magnetic fields, the stiffness of electroelastic and magneto-rheological materials can change
by more than an order of magnitude. This makes it possible to create exoskeleton links with
adjustable stiffness. Regulation of the rigidity of the elements of the exoskeleton modules in real
time is a complex control task. Therefore, exoskeleton motion control requires the development
of adaptive type algorithms based on a neuro-fuzzy approach, using information received
from feedback. Neural network algorithms for self-learning in the process of functioning are
a logically expedient part of a soft bionic exoskeleton. Also, as a necessary component of the
exoskeleton, along with the actuator part, a sensor system is needed with sensitive sensors
for the user’s neuromuscular impulses and various sensors for position, speed, acceleration,
force, moment of force of the exoskeleton. A comprehensive study of scientific and technical
problems of the functioning of the model of the magnetic-rheological medium, exoskeleton
modules and their compilation into a single multi-link structure, its movement using the
technology of modern mathematical modeling was carried out. The construction of neuro-
fuzzy control systems for soft exoskeletons is described as part of the development of new
mathematical methods for modeling complex technical objects using modern mechatronics
and cyborgics.

Keywords: exoskeleton model, neural network, hybrid control model, cyborgics, mechatronics

For citation: Borisov A,, Chigarev A., Chigareva Yu., Konchina L. Mathematical modeling of a soft exoskeleton
from magnetic-rheological modules with intelligent control. Prikladnaya informatika=Journal of Applied
Informatics, 2024, vol.19, no.3, pp.47-70 (in Russian). DOI: 10.37791/2687-0649-2024-19-3-47-70

[48]

Tools B Models and methods



