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of the PhD dissertation submitted by Assylbek Ozhiken entitled
“Development and investigation of an electromechanical drive with an adaptive control
system for an ankle joint exoskeleton™

submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy
(PhD) in the speciality 6D060300 — Mechanics

The dissertation addresses a highly relevant and rapidly developing field of modern
engineering science related to the design of exoskeleton systems aimed at supporting,
compensating, and restoring human musculoskeletal functions. In the context of increasing
demand for rehabilitation technologies and intelligent assistive devices, this research area holds
substantial scientific and practical importance, particularly at the intersection of robotics,
biomechanics, and control theory.

The main focus of the work is the development of an electromechanical drive for an ankle
joint exoskeleton and the design of an adaptive control system capable of accounting for the
nonlinear nature of human biomechanical behavior and varying interaction conditions in the
human—device system. The use of an adaptive approach is well justified and essential, as it
enables real-time adjustment of control parameters, thereby improving system stability,
accuracy, and operational safety.

The author demonstrates a systematic approach to the problem, starting from the analysis
of ankle joint biomechanics and proceeding to the development of mathematical models and
control algorithms. A clear methodological chain can be observed between system dynamics
modeling, synthesis of the adaptive control law, and its evaluation in terms of stability and
practical applicability. This indicates a solid understanding of both the theoretical foundations
of control systems and the engineering aspects of exoskeleton implementation.

It should be emphasized that the proposed solutions are aimed at reducing unnecessary
load on the user and ensuring a more natural movement pattern, which 1s particularly important
in rehabilitation applications. This allows the results of the work to be considered not only as a
theoretical contribution but also as a foundation for practical implementation in medical
engineering and assistive technologies.

The dissertation is completed at a good scientific and technical level, characterized by
logical structure, appropriate methodology, and well-supported conclusions. The obtained
results are consistent with current international trends in exoskeleton systems and adaptive
control engineering.

Overall, the dissertation meets the requirements for a PhD degree, and the author deserves
to be awarded the degree of Doctor of Philosophy (PhD).
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OT3bIB

Ha JIUCCEPTAIMOHHY IO paboTy OoxiKeH AchlideKa KacbiMOeKkyJibl
na Temy «PaspaboTka M HCCIIEOBAHUE DJICKTPOMEXaHHUYCCKOro TpHBOJA € aJ1ar TUBHOM
CHCTEMOI yITPaBJICHUS JUTS IK30CKEIIETa rOJICHOCTOITHOTO CyCTaBay,

IPSJICTABJICHHYIO HA COMCKAHHWE CTEICHH JIOKTOpa (punocodun (PhD) no cneuuanbHOoCTH
6D060300 — « Mexanukay

[IpeacraBinennas jiccepranudonnas pabora MOCBSIIEHA aKTyaJlbHOMY H - aKTHBHO
PA3BHBAIOIIEMYCS  HAIPABJICHUIO COBPEMEHHONH MH)KCHCPHOM HAyKH, CBA3AHHOMY C
Pa3pabOTKOH HK30CKEIETHBIX CHCTEM, MpeJAHa3HAYCHHBIX IS TOICP/KKH, KOMIICHCAIHA 1
BOCCTAHOBJICHHS (hYHKIIHIH ONOPHO-ABHIaTeIbHOTO armapara yejiopeka. B ycioBuix pocta
NOTPeOHOCTH B PeaOMIIMTAIIMOHHBIX TEXHOJOTHAX M HHTCJUICKTYAJIBHBIX ACCHCTHBHAIX
ycTpoiicTBaxX JaHHas o00J1acTh NPUOOpETaeT 3HAYMTENIBHYIO HayudHyIO M TIPHKIAJHYIO
IICHHOCTH, OCOOEHHO Ha CTHIKE POOOTOTEXHUKH, OMOMEXaHUKN U TEOPUH YIIPABJICHHAL.

OCHOBHOE BHHUMAaHHUE B paboTe yJeJIeHO pa3padOTKe JIEKTPOMEXaHHICCKOrO IPHBO/IE

JUISL OK30CKeJIeTa IroJICHOCTOIIHOTIO cycTraBa U CO3/1aHHIO aﬂaHTI/IBHOﬁ CUCTEMBI YIIPABJICHHA,

criocoOHOM YUHTBIBATH HEJIMHEHHBIM Xapakrep OMOMEXaHHYECKOro INOBEACHHS YEJIOBCKa H

M3MEHSIIOIINECS  YCJIOBUSL  B3aMMOJICUCTBHSL  «UYEJIOBEK—YCTPOHCTBOY. Hcnonp30Banue

TAIITHBHOTO TIOIXO0Ja SBJSETCS OOOCHOBAHHBIM M IIPHHIIMIIMAIBHO BaKHBIM, ITIOCKOJIBKY
00eCIIeUnBAET BO3MOKHOCTD I10ICTPOIKM ITapaMeTpoB yIIpaBJICHUs B peajlbHOM BPEMCEHH, 910

[MOBBIIAET YCTOMYHUBOCT, TOYHOCTH U 0€3011aCHOCTh PAOOThI CUCTEMBI.
ABTOD JIEMOHCTPUPYET CUCTEMHBIi [O/IX0/1 K PELICHHIO IIOCTABJICHHOH 3a/1a4H, HaUHHAA

¢ aHaM3a OHOMEXAHHKH TOJIEHOCTOIIHOrO CycTaBa ¥ 3aKaHuMBas pa3pabOTKOH
COOTBETCTBYIOIIMX MAaTEMaTHYECKUX MOJECICH W aJIrOPUTMOB yIPABJICHHUA. B paborte
[TPOCJICIKUBAETCS JIOTHUECKast CB3Ka MKy MOJIC/IMPOBAaHUEM IMHAMUKH CHCTEMBI, CHHTC30M
Q1A THBHOIO 3aKOHA YIPABICHHMS M €ro OIEHKOHl ¢ TOYKH 3pCHUS YCTOMYHBOCTH H
PAKTHYECKOM MPUMEHUMOCTH. Takol MOAX0J CBUACTEILCTBYET O 3pe/IOM IOHMMAaHHH Kak
TEOPETHUECKHX OCHOB YIIPaBJICHHUS, TAK M HIDKCHEPHBIX aCIICKTOB PEaIN3alHH SK30CKCJICTHBIX

CHCTEM. ‘
CiiesyeT OTMETHTH, YTO TIPEAJOKEHHbIC PEHICHHSI OPUEHTHPOBAHBI HA CHHKCHHC

M30BITOYHON HArpy3Kd Ha II0Jb30Baress M 00€CHeYeHHE MaKCHMAJbHO CCTCCTBEHHOTO
xapakrTepa JIBUKEHHS, YTO OCOOCHHO BaXKHO B 3ajadax peaduInuTAlMU. JTO II03BOJIACT

paccMaTpHBaTh pe3yJsbTaThl paboThl HE TOJIBKO KAK TCOPETHUECKUH BKIIAJL, HO H KaK OCHOBY
JUIS TIPAKTHYECKUX TPHJIOKEHHH B MEIMIIMHCKOH MIKCHCPHH M BCIIOMOTATE/IBHBIX

TEXHOJIOTHSIX.
PaGoTa BBIIOJHEHA HAa XOpOIIeM HAyYHO-TEXHMYECKOM YPOBHE, OTJIMYACTCS

MOCJICIOBATEIBHOCTBIO  M3JIOKEHHUSl,  KOPPEKTHOCTBIO  HCHOJB3YCMBIX  METOJM0OB M
060CHOBAHHOCTBIO BBIBOJIOB. 1lOJydeHHBIE pE3YJbTaThl COOTBETCTBYIOT COBPEMEHHBIM
ME3KIY HAPOIHBIM TEH/ICHIIUAM B 00JIaCTH 9K30CKCICTHBIX H Q/IAITHBHBIX CHCTEM YIIPABIICHHS.

B 1eI0M JiccepTalionHas paboTa yJIOBIETBOPSICT TPEOOBAHMSIM, HPEIbABISCMbIM K
PhD mccie/I0BaHUsIM, a €¢ aBTOp 3aCy KHBACT IPUCYIKICHUS CTCHCHH JOKTOpa (PHIOCO(DHH

(PhD).

C yBaxkenuemM,
noxrop gpuiocodgpuu (PhD), npodeccop Hinen Teoop

r. Pyce, boJarapus
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| ) POMEXaHUKaNBIK xeTe
6D000300 — «Mexanuiay MaMaHILIELL 0iipin

KT1 3ipiiey xKaHe 3epTTey» TakbIphIObIH/ars
YHITH YCBIHBUIFAH mccepranmssik KYMBICHIHA

a pusocodust oxroper (PhD) JIOPEIKECIH ATy

HHIKIP

Y CHIHBLIBII OThIpray
KbI3METIH KOJjlayra

bITTallFaH 3amanayu MHIKEHEPIIIK FHUIBIMHbBIH

KaH OarbiThina apuarran. Kasipri tamia onairy
TCXHOJIOTHSATAPEI MCH HHTEITeKTY AT 1p] KOMCKIII KYPBUIFbLIAPFa ICTCH CYPAHBICTBIH ApTYbIHA
OQHJIAHBICTBI OYII FBUTBIMY GaryT

Ka )KoHe DacKapy Te€OpHACHIHBIH
JIbL FRUTBIMM JKOHE NMPaKTHKAIIBIK MAHTE He.

S . K «aIaM—KypbUIFbI» IKYHECiHIH ©3apa opeKeTTecy
KAFTAMJIAPBIHBIH - ©3repyin CCKCPETIH  aJanTuRTI Oackapy Kyiiecin Kypyra ay/apbUIFa.
FHUIBIMH TYPFBIJIaH HET13/1€/TeH 9pi MaHbI3/1bI LIEIIIM

TKTEPiH  TanjaymaH 0acral, MaTEMAaTHKAIBIK
MOJACIIBJIEPAL  d31pJIeyre, Oackapy AITOPUTMJIEPIH  KYpYyra SKoHE OJIAapABIH  THIMJIUITIH
Oaranayra JIeiiinri GapIbik 3eprrey K

C3CHIIEP1 ©3apa JIOTMKAJIBIK OailIaHbICTa KapacTbIPbLIFaH.
lIHHaMHKaJIbIK MOJZCIIBJCY, a/IallITUBTI 6acKapy 3AHBIH CHHTE3/ICY JKOHE OHBIH OPHBIKTHIIBIFEI
MCH - HPARTHKAIBIK KOJUTaHY MYMKIHJriH Garanay apachlHmarbl caBakTacThik aBTOP/IbIH

OacKapy TEOPHSCBIHBIH Ipreii KAFMIAJIaphIH JKOHE DK30CKENeT IKyiienepin HHIKEHEPIIIK

TYPFBIIAH ICKE aCBIPY €PEKIIeTiKTepi Tepek MEHI'CPreHiH KopceTes.
AWTA KETY KEPEK, '

KaMTaMachI3 €Tyre
OarpITTanran. byn onanty kyiienepin o3ipney Typreichinan epekie MaHbI3abl. Ocblran

OAlIAHBICTDI 3CPTTCY HOTHIKENEPIH TEK TEOPHSIBIK TYPFbLIAH FaHA EMEC, COHBIMEH Karap
MEJIMIIMHAJIBIK  MHIAKCHEPUS  MEH  KOMEKIII  TEXHOJOTHSUIapia  KOJAHYFa  OONATHIH

[PAaKTUKAJIBIK HEr13 peTinjie e Oaranayra 0osapl.
JlucceprauusiibiK JKYMBIC KOFAPhI FEUIBIMH-TEXHUKAJIBIK ACHIEH/IC OpbIHtasiFal. JKYMBICTBIH
Ma3MyHBI O1p13/1i OasHjanran, KOJJAHBUIFAH 3epTTEY dJICTepi FHUIBIMU TYPFBIIAH JypbiC
TAHJIQJIFaH, AIbIHFAH HOTHIKENIEP MEH JKacalraH KOPBITBIHABUIAD JKETKUNKTI Jpeke/ie

HETI3J(CITeH.  3ePTTey HOTHIKENEepl 9K30CKENCT IKyHenepi MeH ajanTusri Gackapy
caJlaChIHJIarbl Ka31pri XaJlbIKapasblK FRUIBIMU OarbITTapra CoiKec Kelei.

Kannpr  anranyga, Oxiken AcbUIOek  KachIMOCKYJIBIHBIH  JIMCCEPTALMSIIBIK  HKYMBICH!

dusocodust poxTopel (PhD) gopexecin any yunH KOHbUIATBIH TalanTapra CoNKee Kele, aj
oHBIH aBTOPBI (hrtocodust gokTopsl (PhD) ropexecin anyra JialbIk Jer canaliMbIH.

Kypmernen,

dustocodus oxropst (PhD), npodeccop
Teonop Uanen

Pyce k., bonrapus



