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Pedepar:

1. ®omenko H. O. CumBosibHa perpecist Ta ¢eHOMEHOJIOTiYHI MOoJiesli B 00YMCIII0BAJIbBHOMY MOJIEJIOBaHHI
rinepp’sI3KONPY>KHOI IOBEiHKM NOJIiMEpHUX i 6iosiorivHux marepiasnis. — KeasidikaliiiHa HaykoBa Ipalis Ha ITpaBax
pykomnucy. Jlucepratis Ha 3000yTTsI HAYKOBOTO CTyIneHs gokropa ¢inocodii (PhD) 3a cnenianbHicTio 113 -
[lpuknagHa MaTeMaTuka. — HaljioHanbHUM TEXHIYHUI YHIBEPCUTET «XapKiBCLKUI MOJITEXHIYHUAN iIHCTUTYT». —
Ykpaina, XapkiB, 2026. O6’eKT JOCIiKEHHS — NPOLECH B'I3KOIPYKHOTO Ta Tileprpy>XHOro AedopMyBaHHs
apTepianbHUX CTiHOK (3 ypaxyBaHHSM I1aTOJIOTiH) Ta CHHTETUYHUX €JIACTOMEPIB IIPU CKJIIAIHOMY MEXaHIYHOMY
HaBaHTaXeHHi. [IpegmeTt nocnimkenns - HIC cygun ta TPU-3paskiB B yMOBax rineps’si3KONPY>KHOTO, LIUKJIiYHOTO,

peJiakcaniiHoro neopMyBaHHS; MaTeMaTUYHi BUpa3y [J1s IOTeHLialy eHeprii Ipy>kKHoro gedopMyBaHHS Ta



napamMeTpu (PyHKIil peslakcalii, o BU3Ha4aloThC METOIOM CMMBOJIBbHOI perpecii (CP) 3 ypaxyBaHHSIM (Qi3nYHO-
iHpopmoBaHUx oOMexeHb. MeTonu nocimkenHs. basyloTbcs Ha QyHIaMeHTaIbHUX MiIX0IaX MEXaHiKu
CYLIiJIbHOTO CEPeNOBUILA, 30KPEMA TeOopii NPY>KHOCTI Ta B'sI3KONPY>KHOCTI. [17151 MmonentoBanHs HIIC CTiHOK cynuHU
JIIOJJMHU, YPAKEHOI aTEPOCKIEPOTUYHOIO OJISIIIKOI0, 6ys10 BUKOoprucTaHo MCE B mocTaHOBL IIJI0CKOi gedopmariii.
Jl7151 po3B’s13aHHS BU3HAYAIbLHOTO PiBHSHHS (IHTerpasa 3TOpTKM) Y 4acoBiil 06J1aCTi peasyli3oBaHO PEKYPEHTHY CXEMY
iHTerpyBaHHs. Takosx Oyl BUKOPUCTaHi METOIU MallMHHOTO HaBYyaHHS: MeToh CP, rin60oKoi CUMBOJIBHO]
onTyMisauii. [I711 OTpMMaHHA JAaHUX Ta Bajlijalii Mogesiel IIPOBENEHO CEPil0 HATYPHUX €KCIIEPUMEHTIB Ha
yHiBepcasbHiil BUnpo6ysasbHiil mamuHi ZwickRoell Z010. Excriepum. gociizpkeHHs 6yJ10 TpoBeeHe Ha Kadeapi
MexaHiKu cyuinbHoro cepenosuia RWTH Aachen. V BcTyni 06rpyHTOBaHO akTyaslbHiCTh TEMU, BU3HAYEHO METY,
3aBJIaHHS1, METOIIY AOCIIiJKEHHS, HAyKOBY HOBU3HY Ta IIPAaKTUYHE 3HAYE€HHS POOOTHU. Y NepLIOMy PO31ii 31iliCHEHO
KPUTAYHUI aHAJIi3 Cy4aCHUX MiAXOMiB 1O MOJEJIOBAHHS BSI3KOIPY>KHOI IIOBEIiHKY MaTepiasliB Ta 6ioMexaHiku
KPOBOHOCHUX CyJIMH. PO3IJIsIHYTO iCHYIOUi 3aC001 MalIMHHOTO HaBYaHHS 118 ineHTudikalii B1acTuBOCTEN
cepeoBuUll Ta OGIPYHTOBAHO HEOOXiAHICTh pO3POOKY HOBUX OOUYUCIIOBAIbHUX METOMIB. Y Ipyromy po3zini
BUKJIaJIEHO TEOPETUYHI OCHOBU MOJIEJIIOBaHHS: KIHEMATUKY BEJIMKUX Nedopmalili, piBHSIHHS piBHOBaru, 6a3oBi
(peHOMEHOJIOTIYHI Moieli B'I3KONPYKHOCTI, BapialiiiHe ¢popmystoBaHHS HesiHiiHoro MCE, anroputmu
siHeapu3saliii 3a meToniom HeioToHa-Padcona ta 3acagu CP. YV TpeTboMy po37ii IpefCcTaBIeHO pe3yIbTaTh
€KCIIEPMMEHTAJIbHOI'O BU3HAUEHHS B'SI3KOIIPYKHUX BJIACTUBOCTEN 3pa3KiB i3 Tepmornosiyperany (TPU),
BUTOTOBJIEHUX MEeTOLOM 3D-1pyKy. OnucaHo Npoueypyu MOHOTOHHUX, PeJIaKCalifHUAX Ta LUKJIIYHUX BUNIPOOYBaHb
Ha o6sagHaHHi ZwickRoell Z010 Ta HaBeZieHO pe3yJIbTaTU CTATUCTUYHOTO aHai3y BilTBOPIOBAHOCTI BIACTUBOCTEN
3D-1pyKoBaHUX CTPYKTYP. Y YETBEPTOMY PO3Zijli HABEEHO PE3yJIbTaTU 3aCTOCYBaHHS ML-mifgxomy Ha OCHOBI
MOI1(PiKOBAaHOTO aJITOPUTMY ITIMO0KOI cCMMBOJIbHOI onTumizallii (DSO). [IpogeMoHCcTpoBaHO €(EKTUBHICTD
BMKOPHUCTaHHS ¢iznyHO-iHGopMoBaHOi CP 115 aBTOMATU30BAaHOTO CMHTE3Y KOHCTUTYTUBHUX PiBHSIHb HEJIiHIIHO]
rinepesiacCTUYHOCTI Ta B'SI3KOIIPY>KHOI [T0BEIiHKY 6e3110cepeiHbO 3 eKCIIePUMEHTAIbHUX JaHUX. Y ITITOMY PO37ii
IOCJIiIKeHO BIVIMB MOPQoJIOrii aTepOCKIePOTUYHO]I OJILIKY Ha 6i0MeXaHiuHY BifII0OBib apTepiabHOI CTiHKMU.
Ouineno 3minu HJIC Ta nmapameTpiB NeTJli ricTepes3uncy Iif Ai€1o MyJIbCOBOrO HaBaHTaKEHHS. 3a pe3ysbTaTaMu
IOCJIiZIDKEHHS OTPMMAHO TaKi HayKoBi pe3ysbTatu: 1. Habysi0 po3BUTKY 3aCTOCYBaHHS METO/IiB MAlTMHHOTO
HaBYaHHS 4J1s 337ja4i B'SI3KOIIPYKHOI [TOBEJiHKY TiNeprpyKHUX MaTepiaiB, 1o BOYAOBY€E B apXiTEKTypy ii
IIPOrHOCTMYHOI MOJIEJIi IBHUM YMHOM IOIIYK IOTEHIialy IPY>KHOTO AedopMyBaHHS Ta QyHKIii peslakcallii, SKi Ha
BiZIMiHY BiJ TpaguLiiiHUX (PEHOMEHOJIOTIYHUX i KEPOBAHUX JAHUMMU IiAXOiB, 3a6e3e4ye aBTOMATUYHE
3a7J0BOJIEHHSI OCHOBHUX KiHEMATUYHUX CIIiBBiIHOIIEHHS HEJiHIHOI MEXaHIKM CYLIIJIBHOTO CEPEeNoBUIIA. 2.
BcTaHOBJI€HO HOBI 3aKOHOMIpHOCTI GOpPMYBaHHS 1e(POPMOBAHOTO CTaHy CTiHOK CYJVH JIIOJAVHU, IIOIKOAKEHUX
aTepOCKJIEPOTHUYHOIO JIiNiIHO GJISIIKOIO B 3aJ7I€XKHOCTI Bif, ii po3mipis. 3. Biepiue oTpumaHi 0Co6MBOCTI
LMKJIIYHOrO AedOpMYyBaHHS CTIHOK CYAVH, YPAKEHUX aTEPOCKIIEPOTUYHOIO JIITiTHOIO GJISIIKOIO 3aJIeKHO Bif] IMKIIiB
IIyJIbCOBOI XBUJIi, XapaKTePHUX [1J1s Pi3HUX (Pi3iosoriyHuX cTaHiB noguHy. [IpakTHyHe 3HaYeHHs OTPUMaHUX
pesysnbTaTiB. PO3po6iieHi aropuTMmy, IporpaMu Ta MaKpocu 103BOJISIOTh (POPMYBATU HAYKOBO OOI'PYHTOBaHI
pexoMeHallil Iy NpUKIagHUX 3a1a4. 3actocyBaHHs QisnyHO-iHPopmoBaHoi CP 3a6e3nedye aBTOMaTU30BaHUN
OTIMC CKJIAIHOI MeXaHIuHOI [10BeIiHKY rilepB I3KONPY)KHIX MaTepiasliB, o € KpUTUIHUM [1JI1 PO3BUTKY Cy4aCHOIO
MaTepiaso3HaABCTBA, AAUTUBHUX TEXHOJIOTIH Ta 6ioMexaHiku. Po3po6seHi MaKpocH NO3BOJISIIOTh OyIyBaTH MallieHT-
crienupiyHi reOMETPUYHI MOJIEJIi 4J1s1 OL[iHIOBAaHHS CTa01JIbHOCTI aT€pPOCKIEPOTUYHUX OJISIMIOK Y KIIiHIYHIN
meaunyHi. Kyo4oBi csi0Ba: MaTeMaTuyHe MOZEJIIOBAHHS, MeTO, CKiHueHHUX esieMeHTiB (MCE), B'I3KONPY>KHICTb,
rinepripykHicTb, CHMBOJIbHA PETrpecisl, YCeIbHUIN aHali3, HallpyKeHo-1edOpPMOBaHU CTaH, KPUBA HAIIPY>KEHHS -
nedopmais, 3D npyk, TPU-nonimepu, agutusHi TexHodiorii (FDM /FFF), po3scitoBaHHs eHeprii, aTepOoCKIepOTYHA

OJ1s11IKa, 0i0JIOTiYHI TKAHMHU.

2. Fomenko N. O. Symbolic regression and phenomenological models in computational modeling of
hyperviscoelastic behavior of polymeric and biological materials. - Qualifying scientific work on the right of the
manuscript. The dissertation on competition of a scientific degree of Doctor of Philosophy (PhD), speciality 113 -
Applied Mathematics. - National Technical University “Kharkiv Polytechnic Institute”. — Ukraine, Kharkiv, 2026.
Object of research - the processes of viscoelastic and hyperelastic deformation of arterial walls (considering



pathologies) and synthetic elastomers under complex mechanical loading. Subject of research - the stress-strain
state (SSS) of vessels and TPU samples under hyperviscoelastic, cyclic, and relaxation deformation; mathematical
expressions for the elastic strain energy potential and relaxation function parameters determined by the symbolic
regression (SR) method considering physically-informed constraints. Methods: The theoretical provisions are
based on continuum mechanics (elasticity and viscoelasticity theories). The finite element method (FEM) in a plane
strain formulation was used to model the SSS of human vessel walls with atherosclerotic plaque. To solve the
governing equation (convolution integral) in the time domain, a recurrence integration scheme was implemented.
Machine learning methods include SR and Deep Symbolic Optimization (DSO). Mechanical testing was conducted
on a ZwickRoell Z010 machine at the Department of Continuum Mechanics, RWTH Aachen University. The
introduction substantiates the relevance, defines the goal, tasks, scientific novelty and practical significance of the
research. The first chapter provides a critical analysis of current approaches to modeling the viscoelastic behavior
of materials and the biomechanics of blood vessels. Existing machine learning tools for identifying media
properties are reviewed, and the necessity of developing new computational methods is justified. The second
chapter outlines the theoretical foundations, including large deformation kinematics, equilibrium equations,
phenomenological viscoelastic models, nonlinear FEM variational formulation, Newton-Raphson linearization, and
SR principles. The third chapter presents experimental data on the viscoelastic properties of 3D-printed
thermoplastic polyurethane (TPU) samples under monotonic, relaxation, and cyclic testing, including a statistical
reproducibility analysis. The fourth chapter presents ML approach based on a modified DSO algorithm. The
effectiveness of using physically-informed SR for the automated synthesis of constitutive equations for nonlinear
hyperelasticity and viscoelastic behavior directly from experimental data is demonstrated. The fifth chapter
investigates the influence of atherosclerotic plaque morphology on the biomechanical response of the arterial wall.
Using developed finite element models, changes in the SSS and hysteresis loop parameters are assessed depending
on the geometric characteristics of the plaque's lipid core under pulse loading. As a result of the study, the
following scientific results were obtained: 1. Advanced the application of machine learning to the viscoelastic
behavior of hyperelastic materials. The developed predictive model architecture explicitly incorporates the search
for the elastic deformation potential and relaxation function. Unlike traditional phenomenological and data-driven
approaches, this method ensures the automatic satisfaction of the fundamental kinematic relations of non-linear
continuum mechanics. 2. New regularities have been established regarding the formation of the deformed state of
human blood vessel walls affected by atherosclerotic lipid plaques, depending on their size. 3. For the first time,
specific features of the cyclic deformation of vessel walls affected by atherosclerotic lipid plaques have been
identified as a function of pulse wave cycles, which are characteristic of various human physiological states. The
practical significance of the obtained results. The algorithms, software, and macros developed in the dissertation,
which allow for the formulation of scientifically grounded recommendations and conclusions for a wide range of
practical problems, possess practical value. The use of physically-informed SR provides an automated description
of the complex mechanical behavior of hyperviscoelastic materials, which is critical for the development of
modern materials science, additive technologies, and biomechanics. The developed macros allow building patient-
specific models to evaluate atherosclerotic plaque stability in clinical medicine. Keywords: mathematical modeling,
finite element method (FEM), viscoelasticity, hyperelasticity, symbolic regression, numerical analysis, stress-strain
state, Stress-strain curve, 3D printing, TPU polymers, additive technologies (FDM /FFF), energy dissipation,
atherosclerotic plaque, biological tissues.
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HanionansHoI akamemii Hayk YKpainu

Kopg 3a €IPIIOY: 05417319

Micue3HaxoaKeHHS: sy CanoBo-Boraniuna, Kuis, 01014, Vkpaina
dopma BracHOCTI: JlepxaBHa

Cdepa ynpaBiiHHS: HaujonasnbHa akajiemis HayK YKpaiHu

InenTudikarop ROR:

PeuenseHTu

Baacue IlpizBume Im'a Ilo-6aTbKOBI:

1. Bopka Ozekciit OyieKCaHApOBUY
2. Oleksii O. Vodka

KBasigikanis: . . u., gor., 05.02.09
I,T.[eHTI/Iq)iKaTOp ORCID ID: 0000-0002-4462-9869
JoparkoBa inHdpopmamist:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujoHanbHuil TEXHIYHMIA yHiBEpCUTET "XapKiBChKUiA

MOJITEXHIYHUN IHCTUTYT"

Koz, 3a €IPITIOY: 02071180

Micue3Haxoa>KeHHS: Bys. Kupnuyosa, Xapkis, XapkiBcbkuii p-H., 61002, Vkpaina
dopma ByacHOCTI: [lepkasna

Cdepa ynpaBriHHS: MiHicTepCTBO OCBITH | HayKK YKpaiHu

InenTudikarop ROR:

Baacue IlpizBume Im'a Ilo-6aTbKOBI:

1. lTanoBasioBa Mapis IropiBaa

2. Mariia 1. Shapovalova

KBasigikanis: n.dpinocod, nou., 113
InenTudikarop ORCID ID: 0000-0002-4771-7485
JopaTrkoBa iHdpopmamnist:

IloBHe HaliMEeHYBaHHSI IOPUAHUYHOI 0COOHM: HaujoHanbHuil TEXHIYHMIA yHiBEpCUTET "XapKiBChKUIA

MOJIITEXHIYHUN IHCTUTYT"

Kopg 3a €IPIIOY: 02071180



Micue3Haxoa>KeHHS: Bys1. Kupnuyosa, Xapkis, XapkiBchkuil p-H., 61002, Vkpaina
dopma BracHOCTI: JlepxaBHa
Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH i HayKy YKpaiHu

InenTudikarop ROR:

VIII. 3aKkJII04Hi BiZoMOCTi
Biiacue IlpisBume Im's ITo-6aTbKOBI JIbBoB l'enHanii [BaHOBUY

roJIOBH pagu

Bnacue IIpizBume Im's [10-6aTbKOBI JIbBoB 'enHanii [BaHOBUY

rOJIOBYIOYOrO Ha 3acigaHHi

BignoBizansHMiA 32 NiATOTOBKY ®omenko Haranist OnexkcanzpiBHa
00JIIKOBHX JOKYMEHTIB

PeecTparop IOpueHko TeTssHa AHaTOJiiBHA

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZIOBiZasIbHUM 3a peecTpallilo HayKOBOIi IOpyenko TeTsHa AHaToiBHA

OisIIBHOCTI




