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Welcome Message

Dear colleagues,

It is a great pleasure for us to welcome you all at the 8" International Congress of the Serbian
Society of Mechanics in Kragujevac, Serbia Well-known for its culture, history and industrial
heritage, Kragujevac was the first capital of modern Serbia and the place where the first
constitution in the Balkans was proclaimed. Today, we are more than proud to say that Kragujevac
is also becoming one of the scientific capitals in the region.

In this very difficult time of the COVID-19 pandemic, we decided to make this congress a hybrid
event combining physical and online sessions, so that everyone interested can join us despite the
obstacles we have all been facing for more than a year now.

8" International Congress of the Serbian Society of Mechanics aims to bring together leading
academic scientists, researchers and research scholars to exchange and share experiences and
research results on various aspects of Theoretical and Applied Mechanics. 1t will bring an
interdisciplinary platform for researchers, practitioners and educators to present and discuss the
most recent innovations, theories, algorithms, as well as practical challenges encountered and
solutions adopted in the fields of Classical Mechanics, Solid and Fluid Mechanics, Computational
Mechanics, Biomechanics, Applied Mathematics and Physics, Structural Mechanics and
Engineering.

The Congress is organized by the Serbian Society of Mechanics (SSM) in partnership with: Faculty
of Engineering, University of Kragujevac, Faculty of Mechanical Engineering, University of
Belgrade, Faculty of Technical Science, University of Novi Sad, Faculty of Mechanical
Engineering, University of Ni§, Hellenic Society of Theoretical and Applied Mechanics, Institute
of Information Technology Kragujevac, University of Kragujevac, with the support of the Serbian
Ministry of Education, Science and Technological Development, Serbian Academy of Sciences
and Arts and Serbian Society for Computational Mechanics.

Six distinguished plenary speakers will deliver lectures:

Prof. Georgios E. Stavroulakis — Technical University of Crete, Greece

Prof. Themis Exarchos — lonian University, Corfu, Greece

Prof. Mihailo R. Jovanovi¢ — University of Southern California, USA

Prof. Ricardo Ruiz Baier — Monash University, School of Mathematics, Clayton, Australia
Dr Bozidar Jovanovi¢ — MISANU, Serbia

Dr Marko Janev — MISANU, Serbia

A

The Congress encompasses six main topics: General Mechanics, Fluid Mechanics, Mechanics of
Solid Bodies, Biomechanics, Control and Robotics, Interdisciplinary and Multidisciplinary
Problems.



Also, there are four Mini-Symposia:

e M1: 5" Serbian-Greek Symposium on Advanced Mechanics
Chairs: Prof. Georgios Stavroulakis, President of HSTAM, Greece; Prof. Nenad
Filipovi¢, President of SSM, Serbia
e M2: Turbulence
Chair: Prof. Porde Cantrak, University of Belgrade, Serbia
e M3: Mathematical Biology and Biomechanics
Chair: Dr. Andelka Hedrih, MI SANU, Serbia
e M4: Nonlinear Dynamics
Prof. Julijana Simonovi¢, University of Ni§, Serbia

Within the Congress, we are also very proud to organize the 5™ Serbian-Greek Symposium on
Current and Future Trends in Mechanics. The Symposium is organized by the Serbian Society of
Mechanics (SSM) and the Hellenic Society of Theoretical and Applied Mechanics (HSTAM).

This year, 8" International Congress of the Serbian Society of Mechanics received more than 150
high-quality research papers. Each paper was reviewed and ranked by at least 2 professors and
scientists in the program and the scientific review committee. As a result of the strict review
process and evaluation, the committee selected 120 research papers.

We must also say that the conference would certainly not have been so successful without the
efforts of many people who were actively engaged in organization of such a major nationally and
internationally recognized academic event. We give our special gratitude to the members of the
program and scientific review committee as well as to all chairs, organizers and committee
members for their dedication and support.

On behalf of the Organizing Committee, we wish you all a pleasant stay in Kragujevac and a
productive conference.

Chairs:

Prof. Nenad Filipovié, president of SSM, University of Kragujevac
Prof. Milo§ Koji¢, Serbian Academy of Sciences and Arts



Organizing Committee

Co-chairs:
e Nenad Filipovi¢, president of SSM (University of Kragujevac)
e Milos Koji¢, (Serbian Academy of Sciences and Arts)

Local Members:
¢ Dalibor Nikoli¢, secretary of SSM (University of Kragujevac)
e Miroslav Zivkovi¢ (University of Kragujevac)
¢ Gordana Jovici¢ (University of Kragujevac)
e Dragan Raki¢ (University of Kragujevac)
e Vladimir Duni¢ (University of Kragujevac)
e Snezana Vulovi¢ (University of Kragujevac)

International Scientific Committee:

Adhikari S. (UK), Atanackovi¢ T. (Serbia), Balean, D. (Turkey), Bauer S. (Russia), Borovac B.
(Serbia), Bulatovi¢ R. (Montenegro), Carpinteri A. (Italy), Chernousko F. (Russia), Charalambakis
N. (Greece), Challamel N. (France), Chen W. (Hohai, China), Chow Ch. (United States),
Cveti¢anin L. (Serbia), Djordjevi¢ V. (Serbia), Doli¢anin C. (Serbia), Dragovi¢ V. (Serbia), Dunié
V. (Serbia), Filipovi¢ N. (Serbia), Frischmuth K. (Germany), Gaji¢ B. (Serbia), Glavardanov V.
(Serbia), Golubovi¢-Bugarski V. (R. Srpska, BiH), Grillo A. (Italy), Hedrih (Stevanovi¢), K.
(Serbia), Ibrahimovi¢ A. (France), Igi¢ T. (Serbia), Jari¢ J. (Serbia), Jovanovi¢ B. (Serbia),
Jovanovi¢ J. (Germany), Jovi¢i¢ G. (Serbia), Katsikadelis J. (Greece), Kenjeres S. (Netherlands),
Kienzler R. (Germany), Koji¢ M. (Serbia), Kounadis A. (Greece), Kovaci¢ 1. (Serbia), Kozak D.
(Croatia), Kraseilnikov P. (Russia), Kuzmanovi¢ D. (Serbia), Lacarbonara W. (Italy), Lanusse P.
(France), Lazarevi¢ M. (Serbia), Marsavina L. (Romania), Melchior P. (France), Malti R. (France),
Makris N. (Greece), Maksimovi¢ S. (Serbia), Manolis G. (Greece), Manolis P. (Greece), Mareti¢
R. (Serbia), Matthies H. (Germany), Milosavljevi¢ D. (Serbia), Mi¢unovi¢ M. (Serbia), Mitrovi¢
Z. (Serbia), Miiller I. (Germany), Nedeljkovi¢ M. (Serbia), Nigmatullin R. (Russia), Obradovi¢ A.
(Serbia), Pavlovi¢ R. (Serbia), Polyzos D. (Greece), Prokopenya A. (Poland), Rakin M. (Serbia),
Raki¢ D. (Serbia), Rega G. (Italy), Ruggeri T. (Italy), Saccomandi G. (Italy), Schrefler B. (Italy),
Sedmak A. (Serbia), Seyranian A. (Russia), Simi¢ S. (Serbia), Shitikova M. (Russia), Spanos P.
(USA), Soltakhanov Sh. (Russia), Spasi¢ D.T. (Serbia), Stevanovi¢ V. (Serbia), Sun H.G. (Hohai,
China), Sumarac D. (Serbia), Tenreiro Machado J.A. (Portugal), Terze Z. (Croatia), Tikhonov A.
(Russia), Tucker R. (UK), Vignjevi¢ R. (UK), Voronkova E. (Russia), Vrcelj Z. (Australia), Zarka
J. (France), Zekovi¢ D. (Serbia), Zivkovi¢ M. (Serbia), Zorica D. (Serbia)



Technical Program




Monday 28 June 2021

Opening Ceremony - Welcome speech:
Prof. Nenad Filipovi¢, President of SSM, Conference Co-Chair
Prof. Milos§ Koji¢, full member of SASA, Conference Co-Chair
08:45 - 09:15 Nikola Dasi¢, Major of Kragujevac City
Prof. Ivica Radovié, State Secretary, Ministry of Education, Science and
Technological Development, Serbia
Prof. Dobrica Milovanovi¢, Dean of Faculty of Engineering, Kragujevac

Keynote speaker:
Topic: Analysis of a New Mixed Formulation for Hyperelasticity Using Kirchhoff

Stress

09:15 - 09:45 Prof. Ricardo Ruiz Baier, Monash University, School of Mathematics, Clayton,

Australia
Chair: Hedrih A.

Session M.1A: 09:45-11:00

Biomechanics (part I)

Chairs: Koji¢ M., Geroski V.

M.1A.1 — Extension of our computational model for the left ventricle tissue to include hypertrophy
— Koji¢ M.

M.1A.2 — Coupled Ohara-Rudy numerical model for heart electro-mechanics — Geroski V.,
Milosevi¢ M, Milicevi¢ B., Simi¢ V., Filipovi¢ N., Kojic M.

M.1A.3 — Electromyography detection of muscle response in musculus quadriceps femoris of elite

volleyball players on different exercises — Radakovi¢ R., Peuli¢ A., Kovac S., Simojlovi¢ M., Filipovi¢
N.

Session M.1B: 09:45-11:00
Mechanics of Solid Bodies (part I)

Chairs: Mastilovi¢ S., Duni¢ V.

M.1B.1 — Remarks on discreteness of the nanoscale fragmentation mass distribution — Mastilovic S.

M.1B.2 — Size-effect modeling of Weibull Jc cumulative distribution function based on a scaling
approach — Mastilovi¢ S., Pordevi¢ B., Sedmak A.

M.1B.3 — Material parameters identification of concrete damage plasticity material model — Raki¢
D., Bodic¢ A., Milivojevi¢ N., Dunic¢ V., Zivkovi¢ M.

M.1B.4 — Using of gap element for contraction joints modeling in seismic analysis of concrete arch
dams — Zivkovi¢ M., Jovi¢ N., Pesi¢ M., Raki¢ D., Milivojevi¢ N.

M.1B.5 — Finite element analysis of effects of multiple defects on welded joint integrity — Arandelovi¢
M., Sedmak S., Jovici¢ R., Sedmak A., Radakovi¢ Z.

11:00-11:30 Coffee Break
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Session M.2A: 11:30-13:00

Interdisciplinary and Multidisciplinary Problems (part I)

Chairs: Sedmak A., Nikoli¢ D.

M.2A.1 — Noise induced dynamics of earthquake nucleation model — Kosti¢ S., Vasovi¢ N.

M.2A.2 — Nonlinear landslide dynamics — Kosti¢ S., Vasovi¢ N.

M.2A.3 — Computational mechanics — welding joint as a case study — Jeremic L., Sedmak A., Sedmak
S., Marti¢ I.

M.2A .4 — Experimental electrochemotherapy using novel design single needle device — Cvetkovic A.,
Cvetkovi¢ D., Milasinovi¢ D., Jovici¢ N., Miailovi¢ N., Nikoli¢ D., Mitrovi¢ S., Filipovi¢ N.

M.2A.5 — Cavitation diagrams for merchant ships using four blade b series propellers — Veg M.,
Kalajdzi¢ M.

M.ZA.6 — Microfluidic lab-on-chip system development for cell culture cultivation — Milivojevi¢ N.,
Zivanovi¢ M., Nikoli¢ D., Jovanovi¢ Z., Sekli¢ D, Nikoli¢ M., Filipovi¢ N.

Session M.2B: 11:30-13:00
Mechanics of Solid Bodies (part IT)
Chairs: Raki¢ D., Obradovi¢ A.

M.2B.1 — New pipe ring tensile specimen for pipeline material fracture assessment — 7Trajkovic I,
Rakin M., Milosevi¢ M., Sedmak A., Medo B.

M.2B.2 — Mass minimization of an AFG Timoshenko cantilever beam with a large body placed
eccentrically at the beam end — Obradovic¢ A., Mitrovi¢ Z., Zorié N.

M.2B.3 — On concentrated surface loads and the flat punch contact problem in strain gradient
elasticity — Zisis T., Gourgiotis P., Georgiadis H.

M.2B.4 — Geometric optimization of shaft transition zone based on stress-strain analysis of nature
inspired design — Atanasovska 1., Momcilovi¢ D.

M.2B.5 — A comparative analysis of fatigue behaviour between S355J2+N and Strenx 700 steel
grade — Zivkovi¢ M., Milovanovi¢ B., Disi¢ A., Jovici¢ G., Topalovi¢ M.

M.2B.6 — Linear transient analysis of spatial curved Bernoulli — Euler beam using isogeometric
approach — Jockovi¢ M., Nefovska Danilovi¢ M.

13:00 - 14:00 Buffet Lunch

Session M.3A: 14:00-15:00

Interdisciplinary and Multidisciplinary Problems (part II)

Chairs: Milosevi¢ M., SusterSic T.

M.3A.1 — Analysis of atherosclerotic plaque in carotid arteries by using convolutional neural
networks — Arsi¢ B., Porovi¢ S., Ani¢ M., Gakové B., Koncar 1., Filipovi¢ N.

M.3€&.2 — Structural condition assessment and rehabilitation of ‘Karpos’ system bridge — Milosevi¢
M., Zivkovié¢ S., Markovié Brankovié J., Markovié M.

M.3A.3 — Epidemiological predictive modelling of COVID-19 spread — Sustersi¢ T., Blagojevi¢ A.,
Cvetkovi¢ D., Cvetkovi¢ A., Lorencin 1., Baressi Segota S., Car Z., Filipovi¢ N.

M.3A.4 — In vitro and in silico testing of stent device — Nikoli¢ D., Savelji¢ 1., Filipovi¢ N.
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Session M.3B: 14:00-15:00
Mechanics of Solid Bodies (part I1I)

Chairs: Duni¢ V., Milovanovic¢ V.

M.3B.1 — Waves in composite layer reinforced with two families of inextensible fibres —
Milosavljevi¢ D., Radakovié A., Cukanovié D.

M.3B.2 — Simulation of damage evolution in metal structures — Zivkovi¢ J., Duni¢ V., Milovanovi¢ V.,
Zivkovi¢ M.

M.3B.3 — Analysis of Hertz contact stresses for metallic material with carbides — Atanasovska I,
Momcilovié¢ D.

M.3B.4 — Tuning a fractionally damped piezoelectric energy harvester with attached concentrated
masses — Paunovic S.

Keynote speaker:
Topic: Coronary Atherosclerosis Assessment: A New Anatomical, Functional,
15:00 - 15:30 Morphological and Bio-mechanical Approach
Prof. Themis Exarchos, Ionian University, Corfu, Greece
Chair: Filipovi¢ N.

Session M.4A: 15:30-16:30

General Mechanics (part I)

Chairs: Raki¢ D.

M.4A.1 - Design and practical realization of a frame with stiffness at its ending point — Radomirovi¢
D., Kovaci¢ I, Gatti G.
M.4A.2 — Problematizing the orbital mechanics’ two first integrals — Nedic S.

M.4A.3 — Simple algorithm for computing the stiffness matrix of composite cross-section — Lazovi¢
Radovanovié M., Nikoli¢ J., Radovanovic J.

M.4A.4 — Topological interface states in acoustic metamaterials — Caji¢ M., Karlici¢ D., Adhikari S.

Session M.4B: 15:30-16:30

Mechanics of Solid Bodies (part IV)

Chairs: Mic¢unovi¢ M., Andeli¢ N.

M.4B.1 — Low-cycle fatigue damage modeling with hysteretic energy loss — Perovi¢ Z., Sumarac D.

M.4B.2 — A model for the analysis of elasto-plastic buckling of compressed columns — Mileki¢ N.,
Bendi¢ M., Coric¢ S., Perovi¢ Z.

M.4B.3 — On diffuse instability of orthotropic viscoplastic plates — Kudrjavceva Lj., Micunovi¢ M.

M.4B.4 — One view on the optimization of thin-walled cantilever channel-section and Z-section
beams — Andeli¢ N., MiloSevi¢ Mitic V., Petrovi¢ A., Purdevié¢ D.

16:30-17:00 Coffee Break
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Session M.5: 17:00-18:30

General Mechanics (part II)

Chairs: Nikoli¢ D.

M.5.1 — Determination of dynamic load factor for single element camshaft using various laws of
follower motion — Jovanovi¢ D., Milenkovic¢ B.

M.5.2 — Behaviour, examination and stability of the constrained mechanical system described with
nonlinear equations — Vesovi¢ M., Radulovi¢ R.

M.5.3 — Kowalevski exponents for the Kirchhoff equations — Dragovi¢ V., Gaji¢ B.

M.5.4 — Added mass method application for dam-accumulation interaction analysis — Rakic D., Jeli¢
L, Zivkovi¢ M., Milivojevi¢ N., Bojovi¢ M.

M.5.5 — Comparative bending analysis of composite laminate and functionally graded plates based
on the new shape function — Milosavijevi¢ D., Radakovi¢ A., Cukanovi¢ D., Bogdanovic G., Ivanovi¢ L.
M.5.6 — Vehicle motion in the presence of nonholonomic constraints — Zigi¢ M., Grahovac N.
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Tuesday 29 June 2021

Keynote speaker:

Topic: Auxetic and other Metamaterials in Dynamics

08:30 - 09:00 Prof. Georgios E. Stavroulakis, Technical University of Crete, Greece

Chair: Koji¢ M.

Session T.1A: 09:00-11:00

Mini-Symposia I: Sth Serbian-Greek Symposium on Advanced Mechanics (part I)

Chairs: Filipovi¢ N., Koji¢ M.

T.1A.1 — Rolling without slipping a heavy homogeneous rigid ball on a torus — Hedrih Stevanovic K.
T.1A.2 — Exact augmented perpetual manifolds: a corollary for their uniqeness — Georgiades F.

T.1A.3 — Effect of chiral materials on presence of band gaps — Koutsianitis P., Tairidis G., Kougkolos
A., Stavroulakis G.

T.1A.4 — Viscoelastic fillers in cellular shear wall panels: behavior under dynamic loads — Syrimi
P., Papathanasiou S., Tsopelas P.

T.1A.5 — Mathematical modelling of electro-elastic dislocations in piezoelectric materials and the
J-integral — Agiasofitou E., Lazar M.

T.1A.6 — Free vibration of axially functionally graded Timoshenko cantilever beam with a large
rigid body attached at its free end — Obradovié A., Salini¢ S., Tomovié A.

T.1A.7 — A study of rectangular plates under colinear point load with both approximate and exact
solution — Tsiatas G., Pavilovi¢ M.

T.1A.8 — Bullet penetration in auxetic star-shape armor plates — Ntintakis 1., Stavroulakis G.

Session T.1B: 09:00-11:00
Biomechanics (part II)

Chairs: Koji¢ M., Markovi¢ Z.

T.1B.1 — Torsional oscillations of a tree trunk with branches through a biomechanical oscillatory
model in the form of a complex cantilever — Hedrih A., Hedrih Stevanovic¢ K.

T.1B.2 — Inhibitory effect of coumarin derivate on vitamin K epoxide reductases (VKOR)
responsible for anticoagulation effect — Milanovic Z., Avdovi¢ E., Milenkovi¢ D., Markovié Z.

T.1B.3 — Substituent effect on the binding mode and toxicity of selected 1,4-benzodiazepin-2-one —
Milanovié 7., Dimié D., Kesi¢ A., Milenkovié D.

T.1B.4 — Entresto (Sacubitril/Valsartan): molecular docking simulations with Neprilysin and
Angiotensin II receptor — Antonijevi¢ M., Markovi¢ Z., Filipovi¢ N., Porovi¢ Jovanovié J.

T.1B.5 - Inhibitory effect of the 4-Hydroxy-(E)-N'-(1-(2,4-Dioxochroman-3-YL)Ethyl)-
Benzohydrazide on the a-Glucosidase — Antonijevi¢ M., Simijonovi¢ D., Avdovié E., Porovi¢ Jovanovié¢
J.

T.1B.6 — Left ventricle model generated from echocardiographic data — Milicevi¢ B., Milosevi¢ M.,
Geroski V., Simi¢ V., Trifunovi¢ D., Filipovi¢ N., Koji¢ M.

T.1B.7 — Fluid-electro-mechanical parametric model of the left ventricle — Simi¢ V., Milosevi¢c M.,
Milicevié B., Geroski V., Filipovi¢ N., Koji¢ M.

T.1B.8 — Numerical analysis of blood flow through the cerebral aneurysm — Milovanovic A., Savelji¢
L, Jovaniki¢ O., Filipovi¢ N.
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11:00-11:30 Coffee Break

Session T.2A: 11:30-13:00
Mini-Symposia I: 5th Serbian-Greek Symposium on Advanced Mechanics (part IT)

Chairs: Koji¢ M., Vulovi¢ A.

T.2A.1 — Analysis of freight wagons for transporting of bulk materials — Vulovi¢ S., Paviovi¢ D.,
Zivkovié M., Vujanac R., Topalovi¢ M.

T.2A.2 — Physics-informed neural networks for elastic plate problems — Muradova A., Stavroulakis
G.

T.2A.3 — Crack analyses in a sandwich specimen under flexural loading — Theotokoglou E.,
Tourlomousis 1.

T.2A.4 — Stochastic response of nonlinear energy sinks subjected to gaussian white noise base
excitation — Karatzia D., Tsiatas G.

T.2A.5 — Ageing of equilibrium contact angle in capillary flows — Lazaridis K., Wu Y., Muniyal
Krishna S., Yu C., Krivilyov M., Sekuli¢ D., Mesarovic S.

T.2A.6 — Calculation of femoral cortical bone elasticity modulus from computed tomography scans
— Vulovié A., Filipovic¢ N.

Session T.2B: 11:30-13:00

Biomechanics (part I1I)

Chairs: Milosevi¢ M., Porovic S.

T.2B.1 — Blood flow in arterial bifurcation calculated by turbulent finite element model — Nikoli¢
A., Topalovi¢ M., Simi¢ V., Blagojevi¢ M.

T.2B.2 — Analytical model: calculation of fractional flow reserve — Starcevic¢ S., Savi¢ S., Filipovic¢ N.
T.2B.3 — Computational model for polymeric bioresorbable Poly-L-Lactic acid (PLLA) stents —
Milosevi¢ M., Ani¢ M., Geroski V., Nikoli¢ D., Isailovi¢ V., Filipovi¢ N., Koji¢ M.

T.2B.4 — Computational modeling of tumor cell circulation in capillary with platelets — Nikoli¢ A.,
Simic¢ V., Milosevi¢ M., Ziemys A., Yokoi K., Koji¢ M.

T.2B.5 — Alterations of human articular cartilage due to osteoarthritis in terms of real and complex-
conjugate derivatives — Zigi¢c M., Mikuli¢ Gutman S., Grahovac N., Miti¢ 1., Spasic¢ D.

T.2B.6 — Numerical analysis of knee joint at maximum power tennis serve — Jovici¢ G., Vulovi¢ A.,
Porovic¢ S., Vukicevi¢ A., Vulovié R., Radakovi¢ R., Filipovi¢ N.

13:00 - 14:00 Buffet Lunch

Session T.3A: 14:00-15:00
Mini-Symposia I: Sth Serbian-Greek Symposium on Advanced Mechanics (part III)
Chairs: Car Z., Simi¢ V.

T.3A.1 — On inelasticity of damaged quasi rate independent orthotropic materials — Micunovi¢ M.,
Kudrjavéeva Lj.

T.3A.2 — Artificial intelligence approach to parameter learning in nonlinear control systems —
Nestorovi¢ T., Pal A., Oveisi A.

T.3A.3 — Determining inverse kinematics of a serial robotic manipulator through the use of genetic
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programming — Car Z., Baressi S'egota S., Andeli¢ N., Lorencin 1., Musulin J., Stifam'é D., Mrzljak V.

T.3A.4 — Biomechanics of left ventricle and in silico drug testing — Filipovi¢ N., Milicevi¢ B., MiloSevi¢
M., Simi¢ V., Georski V., Koji¢ M.

Session T.3B: 14:00-15:00

Control and Robotics

Chairs: Lazarevi¢ M., Obradovié¢ A.

T.3B.1 — Hoo proportional-integral control of a turbofan engine — Zori¢ N., Jazarevi¢ V., Obradovi¢
A.

T.3B.2 — PI velocity control of a mechanical system — Zivanovi¢ M.

T.3B.3 — Robust constrained state space IL.C for 3DOF robot manipulator — Dubonjac A., Lazarevi¢
M.

T.3B.4 — Adaptive iterative learning control of robotic system based on particle swarm optimization
— Zivkovi¢é N., Lazarevi¢c M., Petrovi¢ M.

T.3B.5 — Open closed-loop PD\mu/PD type ILC control of neuroarm robotic system — Cvetkovi¢ B.,
Lazarevié¢ M., Mandié P., Sekara T., Lino P.

Keynote speaker:
Topic: Classical Neumann System on Stiefel Manifolds: Integrability, Geometric
15:00 - 15:30 and Algebraic Aspects, and Linearization
Dr Bozidar Jovanovi¢, MISANU, Serbia
Chair: Lazarevi¢ M.

15:30 - 16:00 Coffee Break
16:00 - 18:00 SSM Annual Meeting and Assembly 2021
20:00 - 23:00 Gala Dinner - Restoran Di Trevi

25



Wednesday 30 June 2021

Keynote speaker:
Topic: Noether’s Theorem for Herglotz Type Variational Problems Involving
08:30 - 09:00 Real and Complex Order Fractional Derivatives
Dr Marko Janev, MISANU, Serbia
Chair: Madarevi¢ D.

Session W.1: 09:00-10:15

Mini-Symposia III: Mathematical Biology and Biomechanics

Chairs: Hedrih A., Simonovic J.

W.1.1 — Volume optimization of the worm gear using biologically inspired algorithm — Milenkovi¢
B., Jovanovi¢ D.

W.1.2 — Generalized function of fractional type dissipation energy in double DNA helix chain —
Hedrih Stevanovic K.

W.1.3 — Bone regenerative potential driven by periodic excitation: deterministic and stochastic
mathematical models — Simonovié¢ J., Woolley T.

W.1.4 — Modelling the influence of externally induced cholesterol pulses on hypothalamic-pituitary-
adrenal axis perturbed with ethanol — Stanojevic¢ A., Andelkovi¢ M., Cupic¢ Z., Kolar Ani¢ Lj.

W.1.5 — Rotation transformation matrix of the joint coordinate system with the application to the
knee joint — Rosi¢ N.

10:15-10:45 Coffee Break

Session W.2A: 10:45-13:00

Fluid Mechanics

Chairs: Savelji¢ ., Topalovi¢ M.

W.2A.1 — Influence of second order effects on pressure distribution in microtubes — Guranov I,
Milicev S., Stevanovic N.

W.2A.2 — Simulating fluid flow within coronary arteries using parallelized sparse lattice Boltzmann
method — Puki¢ T., Filipovié N.

W.2A.3 — Saffman-Taylor instability - History and application — Cvetkovic I., Milicev S., Pihler
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Abstract:

Coronary artery disease, also known as coronary heart disease is the most common type of
heart disease. Plaque in arteries restricts blood flow and as a result it reduces the amount of
oxygen that travels to the heart [1]. An angiogram is a traditional tool used to aid physicians in
the treatment of this disease. It is an X-ray examination of the heart blood vessels which helps to
make a diagnosis related to the fractional flow reserve (FFR). FFR is used to indicate severity of
blood flow blockages in the coronary arteries. FFR also allows physicians to identify a lesion or
lesions responsible for the patient’s ischemia. One of the methods to measure the FFR value is by
a pressure sensor guidewire [2]. An analytical model presented in our previous research [3] is
used in this paper to measure FFR values based on the reconstructed 3D models of stenotic
coronary arteries. This is a noninvasive method. This paper also gives a comparison of results
obtained using this noninvasive method and the results obtained by an invasive method. The
results used for this analysis included the reconstructed coronary arteries of new patients.

Key words: fractional flow reserve, stenosis, lesion, angiography, analytical model

1. Introduction

This paper is an extended study of the paper “Fractional Flow Reserve: A Predictive Model
with Reconstructed Geometry of Coronary Arteries” [3]. This paper introduces the fractional flow
reserve as an analytical model and gives comparison of the results obtained using invasive and
noninvasive methods. First, the fractional flow reserve and specific parameters used in this study
will be introduced. The fractional flow reserve (FFR) is the ratio of the maximum blood
achievable in the stenotic vessel to the normal maximal flow in the same vessel. This ratio
represents the fraction of the maximum flow in the vessel that can still be maintained despite its
stenotic nature. FFR can then be defined as the extent to which the maximal myocardial blood
flow is limited by the presence of the stenosis [4]. The FFR value can be calculated as the ratio of
two pressures. These two pressures are the distal coronary pressure Pd and the aortic pressure Pa,
and they are measured during the maximal hyperaemia.

In order to measure the value of FFR, first the PressureWire is placed across the lesion of
interest and a state of maximum blood flow is induced, thereby allowing determination if the
narrowing is tight enough to cause ischemia [1].

When a normal blood flow is present in the blood vessel the FFR value is 1.0. The FFR value
above 0.80 indicates that the ischemia is very unlikely. If the measured values of FFR are below
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0.75, than there is 100% chance that the blood flow blockage caused by the narrowing of the
blood vessel is responsible for the patient’s ischemia. Figure 1 shows a scale of significant and
non-significant FFR values.

Fig. 1. FFR values scale

Even though angiography-based methods used for measurement of coronary flow and lesion
dimensions have been very well founded, there is a lack of fundamental theories which can
determine the pressure drop (4p) and hence FFR based on the dimension of lesion and
hyperaemic coronary flow with no empirical parameters [2, 5]. This study, just like the
previous one, introduces an analytical model, but it included more patients in order to
validate this model.

2. Predictive analytical model

This model has already been presented in our previous studies, therefore only a few main
equations will be presented here. The fractional flow reserve can be taken as a functional
parameter of the stenosis severity in the artery. The equation which expresses FFR during the
hyperaemic flow is:

FER — Pdistal — Pv 1)
Pa—Pv
In the equation (1), Pa represents the mean aortic pressure and it has the same value as
Pproximal, Py represents the central venous pressure, Pproxima and Paistal are the hyperaemic coronary
pressure proximal and distal to stenosis, respectively [5].
The equation (1) can be written as:

Pdistal Pa—Ap
Pa Pa

FFR =

2

The equation (2) is an approximation of the equation (1) and it contains the value Ap which is
the pressure gradient along the axis of the vessel segment from the proximal to distal position of
stenosis.

AP = APconvective + APconstriction + APdiffusive + APexpansion (3)

The equation (3) presents the model for determination of Ap for coronary arteries. The
equation (4), which is a form of Bernoulli’s equation, was derived with the assumption that
gravity is negligible in the coronary arteries:
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2
APr:onvective = pQ ( 12 - 12 J’ (4)
2 CSAoutIet CSAinIet
where APconvective, APconstriction, APdiffusive and A Peypansion are energy losses due to the flow convection,
sudden constriction in the cross-sectional areas from the proximal normal vessel to stenosis, flow
diffusion and sudden expansion in the cross-sectional areas from stenosis to the distal normal
vessel, respectively [1].

In the equation (4), CSAine and CSAouer are the inlet and outlet cross-sectional areas,
respectively. Q is the hyperaemic flow rate in a vessel segment; p is the density of blood. Figure 2
shows these cross-sectional arcas as well as some other specific variables used for the
mathematical analytical model.

csaproximal
istenosis Coadistal Csaoutiet

Poutlet

Fig. 2. Stenosis dimension used for the analytical model

In case when the flow transition is well-bound and follows the streamlines, the energy losses
are relatively small and negligible, then APconstriction = 0. When there is viscosity in the fully
developed region it is causes APuifrusive. Then it leads to the pressure drop which serves both to
accelerate the flow and to overcome the viscous drag in the entrance region of stenosis which is
the main cause of the diffusive energy loss [7].

The next equation is used to develop the variable a for the entrance region of stenosis, which
represents the radius of the inviscid core. If o = r at the inlet and 0 < o < r from the inlet to the
fully developed region and o = 0 at the fully developed region, then the flow velocity is uniform.

T tenosis _ lJ-I (-a)6+a)(1+4a +9a’ +4a3)da (5)
40Q 4 da 50(3+2a)3+2a+a?)? ’

In the equation (5) LStencsis is the length of stenosis [7]. Lvessel is the length of the vessel, which
is composed of both normal vessel and stenosis. The effects present on the entrance combine with
the viscosity and lead to diffusive loss of the energy. If the equations (2) and (3) are combined,
there is a possibility to determine the FFR value in the vessel with stenosis geometry.

3. Results

Two 3D models of left coronary arteries were reconstructed. One model was reconstructed
from the computed tomography footage and the other one from the angiography footage. In this
paper, the results from the earlier study are marked as “patient 1~ and “patient 2" in the table.
The study presented in this paper included a larger number of reconstructed arteries. The results
obtained using the analytical model are compared to the results derived by clinical methods
(angiogram) and are shown in the table.

In coronary arteries, very complex wall movements occur, such as bending, stretching,
twisting, and translation movement due to cardiac and respiratory movements of the heart.
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Studies have shown that the dynamic movement of a blood vessel can have a significant impact
on the fluid flow and distribution of the shear stress on its walls. It has also been proven that
geometry has a very large influence on the fluid flow.

In this chapter geometries of reconstructed coronary arteries with stenosis will be presented.
Furthermore, some comments about method of reconstruction will be made.

The patient’s 1 geometry, shown in [3], was reconstructed based on the angiography images.
Other patients’ geometries were reconstructed by computed tomography pictures.

Figure 3 shows projections used for of reconstruction of stenotic coronary model. As stated in
our previous study, it is very important to choose projections coinciding in time during the
cardiac cycle [3]. The next step of the process is to match characteristic points on each of those
two projections in order to merge the previously constructed central lines and the outlines of the
specific artery. The 3D model is derived when those merging lines and points are merged in our
algorithm.

Fig. 3. Angiogram images for patient 1

Figure 4 represents the 3D model of the left coronary artery geometry derived from the
process explained above. The focus was on the artery which is stenotic.

Fig. 4. Geometry of patient’s 1 artery

The patient’s 2 geometry, presented in [3], was reconstructed from the computed tomography
images (CT images). The reconstructed geometry was derived using the software Mimics,
Geomagic Studio and Femap. Mimics was used to import medical images and manipulate the
footage software. When process of manipulation with the footage is was finished and the 3D
geometry was created, the process could be continued in Geomagic Studio software. There, the
3D model was imported as .stl format and the finite element mesh was generated so that the
model could be ready for measurement of the required dimensions. The CT footage images and
the reconstructed 3D model are shown in Figures 5 and 6.
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Fig. 5. CT footage for the patient 2 Fig. 6. Geometry of the patient’s 2 artery

In the following part of the paper, pictures of patients 3-9 will be shown. Geometries of these
arteries were derived using the method that was used to reconstruct the patient’s 2 artery
geometry. Figures 7-14 present 3D models of other patients and dimensions measured for the
analytical model.

Characteristic dimensions
CSAiner = 12.6045 mm?
CSAoutlet =1.8900 Il‘lIl‘l2
CSAproximal =3.4083 l’Ill’Il2
CSAdistal =5.9316 l’Ill’Il2
CSAstenosis =2.6285 Il'lIl‘l2
Lyesset = 101.658 mm

::‘1‘: Ltenosis = 7.134 mm

H

i

Fig. 7. Geometry of the patient’s 3 artery

Characteristic dimensions
CSAiner = 13.4187 mm?
CSAoutlct =4.330 1’]?11’]?12
CSAproximal =3.55 mm?
CSAdisal =3.5 mm?
CSAstcnosis =1.3677 l’Ill’Il2
Lvessel = 41.697 mm
Lyicnosis = 9.593 mm

Fig. 8. Geometry of the patient’s 4 artery

Characteristic dimensions
CSAiner = 16.6270 mm?
CSAuier =3.2149 1’1’11’1’12
CSAproximal = 7.6454 mm?
CSAgista = 5.3081 1’1’11’1’12
CSAstenosis = 6.6171 1’1’11’1’12
Lyesset = 85.289 mm
Lstenosis =2.365 mm

Fig. 9. Geometry of the patient’s 5 artery

277



S. Starcevic, Analytical model: Calculation of fractional flow reserve

Characteristic dimensions
CSAiner =21.986 mm?
CSAoutlet =3.8930 mm2
CSAproximal =5.2837 mm?
CSAgista = 4.7327 mm?
CSAstenosis =3.4262 mmz
Lyessel = 143.0957 mm
Lstenosis =3.824 mm

Fig. 10. Geometry of the patient’s 6 artery

Characteristic dimensions
CSAiner = 18.6263 mm?
CSAoutlet =3.3816 mm2
CSAproximal = 15.2039 mm?
CSAgista = 12.7190 mm?
CSAstenosis =6.1389 mm2
Lvessel =74.393 mm

e S Lsten()SiS _ 6338 mm
Fig. 11. Geometry of the patient’s 7 artery

Characteristic dimensions
CSAiner = 16.3451 mm?
CSAoutlet =6.2276 IIlI‘[l2
CSAproximal =11.8275 IIlI‘[l2
CSAdisal =9.5555 mm?
CSAstenosis = 7.0896 1’1’11’1’12
Lyessel = 92.8648 mm
Lsicnosis = 4.664 mm

Fig. 12. Geometry of the patient’s 8§ artery

Characteristic dimensions
CSAinlet =19.0712 Il’lIl’l2
CSAutet =5.1555 1’]f11’]f12
CSAproximal =17.2429 1’]f11’]f12
CSAdisa = 4.2067 mm?
CSAstenosis =2.1022 1’]f11’]f12
Lyessel =49.166 mm
Lyicnosis = 6.940 mm

Fig. 13. Geometry of the patient’s 9 artery

Table 1 contains the FFR values measured using two methods. The first values were obtained
in a clinical study (angiogram) while the second values were obtained using the analytical model
presented in this (and the previous) study. These values will be compared and discussed. For the
patients that FFR value is below 0.75 there is a severe blockage caused by a narrowing of the
blood vessel, which is responsible for the patients’ ischemia. These patients have to be medically
treated as soon as possible.

278



S. Starcevic, Analytical model: Calculation of fractional flow reserve

FFR values Clinical study Analytical model
Patient 1 0.71 0.72
Patient 2 0.88 0.91
Patient 3 0.91 0.88
Patient 4 0.55 0.54
Patient 5 0.96 0.97
Patient 6 0.90 0.92
Patient 7 0.89 0.93
Patient 8 0.71 0.69
Patient 9 0.88 0.94

Table 1. FFR measured values compared to clinically derived results

4. Conclusions

In this study, as in the previous one, the main goal was to achieve validation of the analytical
model for calculating FFR values for coronary stenosis, which would be strictly derived from
stenosis dimensions. The analytical model proposed in these studies is derived from General
Bernoulli’s equation. Diffusive energy loss is considered to be the result of a sudden post stenosis
expansion. It is important to say the emphasis is placed on the fact that the entrance effect at the
inlet of a coronary stenosis contributes to the pressure drop in the artery.

In previous study, the analytical model was validated on the first two patients presented in
this paper. Now the study was extended and it included seven more patients. It can be concluded
that this analytical model is very efficient. It delivers results fast it can be recommended as a non-
invasive method for determination of FFR. The analytical model is based on conservation of
energy and includes convective and diffusive energy losses. There is also energy loss due to a
sudden expansion in stenosis area.

In future, this study will be extended and validated by numerical simulations. The results
obtained by different methods will be compared in the future papers in an attempt to find a place
for these methods in clinical application. This model is still a concept which requires further
development.
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