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OSWIADCZENIE
Autor rozprawy doktorskiej: Radostaw Wolny

Ja, nizej podpisany(a), oswiadczam, iz jestem swiadomy(a), ze zgodnie z przepisem art. 27 ust. 1
i 2 ustawy z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (t.j. Dz.U. z 2021 poz.
1062), uczelnia moze korzysta¢ z mojej rozprawy doktorskiej zatytutowanej:

Badania eksperymentalne wlasciwosci materialowych tkanek miekkich kregostupa

do prowadzenia badan naukowych lub w celach dydaktycznych.?

Swiadomy(a) odpowiedzialnosci karnej z tytutu naruszenia przepiséw ustawy z dnia 4 lutego 1994 r.
o prawie autorskim i prawach pokrewnych i konsekwencji dyscyplinarnych okreslonych w ustawie
Prawo o szkolnictwie wyzszym i nauce (Dz.U.2021.478 t.j.), a takze odpowiedzialnosci cywilno-
prawnej oswiadczam, ze przedktadana rozprawa doktorska zostata napisana przeze mnie
samodzielnie.

Oswiadczam, ze tre$¢ rozprawy opracowana zostata na podstawie wynikéw badan prowadzonych
pod kierunkiem i w Scistej wspétpracy z promotorem Prof. dr hab. inz. Wojciechem Witkowskim, ,
promotorem pomocniczym Dr inz. Angelg Andrzejewska-Sroka.

Niniejsza rozprawa doktorska nie byta wcze$niej podstawg Zzadnej innej urzedowej procedury
zwigzanej z nadaniem stopnia doktora.

Wszystkie informacje umieszczone w ww. rozprawie uzyskane ze zrddet pisanych
i elektronicznych, zostaty udokumentowane w wykazie literatury odpowiednimi odnosnikami,
zgodnie z przepisem art. 34 ustawy o prawie autorskim i prawach pokrewnych.

Potwierdzam zgodno$¢ niniejszej wersji pracy doktorskiej z zatgczong wersjg elektronicznag.

Gdanisk, dnia 28.04.2026 SO C ol 74 Sl
podpis doktoranta

Ja, nizej podpisany(a), wyrazam zgode na umieszczenie ww. rozprawy doktorskiej w wers;ji
elektronicznej w otwartym, cyfrowym repozytorium instytucjonalnym Politechniki Gdanskie;j.

(ol

Gdansk, dnia 28.04.2026 s
podpis doktoranta

1 Art. 27. 1. Instytucje oswiatowe oraz podmioty, o ktdérych mowa w art. 7 ust. 1 pkt 1, 2 i 4-8 ustawy z dnia 20 lipca 2018 r. — Prawo o
szkolnictwie wyzszym i nauce, mogg na potrzeby zilustrowania tresci przekazywanych w celach dydaktycznych lub w celu
prowadzenia dziatalnosci naukowej korzystac z rozpowszechnionych utworéw w oryginale i w thumaczeniu oraz zwielokrotnia¢ w tym
celu rozpowszechnione drobne utwory lub fragmenty wiekszych utworéw.

2. W przypadku publicznego udostepniania utworéw w taki sposéb, aby kazdy moégt mieé¢ do nich dostep w miejscu i czasie przez
siebie wybranym korzystanie, o ktérym mowa w ust. 1, jest dozwolone wytgcznie dla ograniczonego kregu osob uczacych sie,
nauczajgcych lub prowadzgcych badania naukowe, zidentyfikowanych przez podmioty wymienione w ust. 1.
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The author of the doctoral dissertation: Radostaw Wolny

I, the undersigned, declare that | am aware that in accordance with the provisions of Art. 27 (1) and
(2) of the Act of 4™ February 1994 on Copyright and Related Rights (Journal of Laws of 2021, item
1062), the university may use my doctoral dissertation entitled:

Experimental study on material properties of soft tissues of the spine

for scientific or didactic purposes.!

Gdansk, 28.04.2026 &.)t)
signature of the PhD student

Aware of criminal liability for violations of the Act of 4" February 1994 on Copyright and Related
Rights and disciplinary actions set out in the Law on Higher Education and Science(Journal of Laws
2021, item 478), as well as civil liability, | declare, that the submitted doctoral dissertation is my own
work.

| declare, that the submitted doctoral dissertation is my own work performed under and in
cooperation with the supervision of Prof. dr hab. inz. Wojciech Witkowski, the auxiliary supervision
of Dr inz. Angelg Andrzejewska-Sroka.

This submitted doctoral dissertation has never before been the basis of an official procedure
associated with the awarding of a PhD degree.

All the information contained in the above thesis which is derived from written and electronic sources
is documented in a list of relevant literature in accordance with Art. 34 of the Copyright and Related
Rights Act.

| confirm that this doctoral dissertation is identical to the attached electronic versinn

Gdansk, 28.04.2026 6) 0 /

signature of the PhD studenit

I, the undersigned, agree/do not agree* to include an electronic version of the above doctoral
dissertation in the open, institutional, digital repository of Gdansk University of Technology.

Gdansk, 28.04.2026 é)f) / W’7

signature of the PhD student

1 Art 27. 1. Educational institutions and entities referred to in art. 7 sec. 1 points 1, 2 and 4-8 of the Act of 20 July 2018 —
Law on Higher Education and Science, may use the disseminated works in the original and in translation for the purposes
of illustrating the content provided for didactic purposes or in order to conduct research activities, and to reproduce for this
purpose disseminated minor works or fragments of larger works.

2. If the works are made available to the public in such a way that everyone can have access to them at the place and time
selected by them, as referred to in para. 1, is allowed only for a limited group of people learning, teaching or conducting
research, identified by the entities listed in paragraph 1.
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Stowa kluczowe rozprawy doktorskiej w jezyku polskim:

Biomechanika, Wyznaczanie charakterystyk materiatowych, Materiaty miekkie, Tkanki miekkie,
Kregostup, Opona twarda kregostupa, Wiezadta kregostupa, Inzynieria biomedyczna, Predkosc
odksztalcenia, Badania eksperymentalne, Bezpieczenstwo w ruchu drogowym, Analiza i

modelowanie biomechaniki, Wtasciwosci mechaniczne opony twarde;.
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https://link.springer.com/subjects/biomechanics
https://link.springer.com/subjects/materials-characterization-technique
https://link.springer.com/subjects/soft-materials
https://link.springer.com/subjects/soft-materials
https://link.springer.com/subjects/spine-structure
https://www.nature.com/subjects/biomedical-engineering
https://www.nature.com/search?query=Strain%E2%80%91rate%20dependent%20mechanical%20properties&facet-discipline=%22Science%2C%20Humanities%20and%20Social%20Sciences%2C%20multidisciplinary%22
https://link.springer.com/subjects/biomechanical-analysis-and-modeling
https://link.springer.com/subjects/biomechanical-properties-and-repair-techniques-of-dura-mater
https://link.springer.com/subjects/biomechanical-properties-and-repair-techniques-of-dura-mater
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Streszczenie rozprawy w jezyku polskim:

Cel: Celem rozprawy bylo opracowanie i ujednolicenie metodyki badan mechanicznych tkanek
miekkich kregostupa in vitro oraz wyznaczenie odpowiedzi wiezadet i opony twardej cziowieka z
uwzglednieniem nieliniowosci, anizotropii i wptywu predkosci odksztatcenia.

Metodologia: Metodyke opracowano na podstawie literatury i badan pilotazowych na prébkach
odzwierzecych. Zaprojektowano, zbudowano i zwalidowano autorskg maszyne do jednoosiowego
rozciggania z komorg srodowiskowa. W badaniach wiasciwych testowano in vitro tkanki od 7
ludzkich dawcéw w wieku 60-90 lat. Analizowano 590 probek wiezadet oraz 270 prébek opony
twardej, badanej podtuznie i poprzecznie. Dane przetwarzano, wyznaczajac krzywe sita-wydtuzenie
i naprezenie-odksztatcenie.

Rezultaty: Uzyskano dane dla wiezadet kregostupa odcinka szyjnego i piersiowego, oraz opony
twardej. Wykazano anizotropie i zaleznos¢ wybranych parametréw od predkosci odksztatcenia;
wyznaczono krzywe napezenie-odksztatcenie i punkty charakterystyczne. Okreslono wptyw definicji
odksztalcenia i elementow protokotu na wyniki oraz zaproponowano procedure ograniczajgcg
niejednoznacznosci raportowania.

Whnioski: Dostarczono nowe dane materiatowe gotowe do wykorzystania w modelowaniu
numerycznym i rozwoju modeli ciata ludzkiego. Opracowano i zwalidowano, odtwarzalng procedure
eksperymentalng, ktéra moze by¢ przenoszona na inne badania tkanek miekkich.

Streszczenie rozprawy w jezyku angielskim:

Purpose: The dissertation aimed to develop and unify an in vitro methodology for mechanical testing
of spinal soft tissues and to determine the response of human spinal ligaments and dura mater,
including nonlinearity, anisotropy, and strain-rate effects.

Methods: The methodology was based on literature and pilot tests on animal specimens. A custom
uniaxial tensile testing machine with an environmental chamber was built and validated. The main
study included in vitro tensile tests of tissues from 7 human donors aged 60-90 years. In total, 590
ligament and 270 dura mater specimens were analyzed. Dura mater was tested longitudinally and
transversely. Data were processed in Python to obtain force-elongation and stress-strain curves.

Results: Material data were obtained for cervical and thoracic spinal ligaments and for dura mater.
Anisotropy and strain-rate dependence of selected parameters were demonstrated; stress—strain
curves and characteristic points were determined. The influence of strain definition and key protocol
elements on results was assessed, and a procedure reducing reporting ambiguities was proposed.

Conclusions: New material data ready for numerical modelling and human body model (HBM)
development were provided. A validated, reproducible experimental procedure was developed that
can be transferred to other soft-tissue studies.
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Summary of doctoral dissertation in Polish:

Cel: Celem rozprawy bylo opracowanie i ujednolicenie metodyki badan mechanicznych tkanek
miekkich kregostupa in vitro oraz wyznaczenie odpowiedzi wiezadet i opony twardej cziowieka z
uwzglednieniem nieliniowosci, anizotropii i wptywu predkosci odksztatcenia.

Metodologia: Metodyke opracowano na podstawie literatury i badan pilotazowych na prébkach
odzwierzecych. Zaprojektowano, zbudowano i zwalidowano autorskg maszyne do jednoosiowego
rozciggania z komorg srodowiskowa. W badaniach wiasciwych testowano in vitro tkanki od 7
ludzkich dawcéw w wieku 60-90 lat. Analizowano 590 probek wiezadet oraz 270 prébek opony
twardej, badanej podtuznie i poprzecznie. Dane przetwarzano, wyznaczajac krzywe sita-wydtuzenie
i naprezenie-odksztatcenie.

Rezultaty: Uzyskano dane dla wiezadet kregostupa odcinka szyjnego i piersiowego, oraz opony
twardej. Wykazano anizotropie i zalezno$¢ wybranych parametrow od predkosci odksztatcenia;
wyznaczono krzywe napezenie-odksztatcenie i punkty charakterystyczne. Okreslono wptyw definicji
odksztalcenia i elementow protokotu na wyniki oraz zaproponowano procedure ograniczajgcg
niejednoznacznosci raportowania.

Whnioski: Dostarczono nowe dane materiatowe gotowe do wykorzystania w modelowaniu
numerycznym i rozwoju modeli ciata ludzkiego. Opracowano i zwalidowano, odtwarzalng procedure
eksperymentalng, ktéra moze by¢ przenoszona na inne badania tkanek miekkich.

Summary of doctoral dissertation in English:

Purpose: The dissertation aimed to develop and unify an in vitro methodology for mechanical testing
of spinal soft tissues and to determine the response of human spinal ligaments and dura mater,
including nonlinearity, anisotropy, and strain-rate effects.

Methods: The methodology was based on literature and pilot tests on animal specimens. A custom
uniaxial tensile testing machine with an environmental chamber was built and validated. The main
study included in vitro tensile tests of tissues from 7 human donors aged 60-90 years. In total, 590
ligament and 270 dura mater specimens were analyzed. Dura mater was tested longitudinally and
transversely. Data were processed in Python to obtain force-elongation and stress-strain curves.

Results: Material data were obtained for cervical and thoracic spinal ligaments and for dura mater.
Anisotropy and strain-rate dependence of selected parameters were demonstrated; stress—strain
curves and characteristic points were determined. The influence of strain definition and key protocol
elements on results was assessed, and a procedure reducing reporting ambiguities was proposed.

Conclusions: New material data ready for numerical modelling and human body model (HBM)
development were provided. A validated, reproducible experimental procedure was developed that
can be transferred to other soft-tissue studies.



Streszczenie

Motywacje: Rosnaca w wielu dziedzinach inzynierii rola symulacji numerycznych, w tym
W inzynierii bezpieczenstwa ruchu drogowego, sprawia, ze coraz wicksze znaczenie majg modele ciata
cztowieka (Human Body Models - HBM), umozliwiajace analiz¢ mechanizméw powstawania urazow
podczas zdarzen drogowych. Mimo rozwoju takich narzedzi jak m.in. THUMS czy VIVA+,
wiarygodno$¢ przewidywania urazOw przy ich zastosowaniu ogranicza niedobor spdjnych
i porownywalnych danych eksperymentalnych, stanowigcych podstawe do budowy i kalibracji
realistycznych modeli mechanicznych tkanek.

Cel: Niniejszy cykl publikacji powstal w ramach projektu ,,Modeling of failure of the human
cervical spine in the course of the car collision with the road barrier” (2020/37/B/ST8/03231)
oraz ,,Development of anisotropic, visco-hyperelastic constitutive law for modeling spinal dura mater
of humans” (27/1/2022/IDUB/13b/Ag). Celem rozprawy byto opracowanie i ujednolicenie metodyki
badan mechanicznych tkanek migkkich krggostupa w warunkach in vitro, uwzgl¢dniajac protokoty
testow, przygotowanie i mocowanie probek, przebieg testu, pomiar geometrii i odksztalcenia
oraz przetwarzanie i analiz¢ danych. Rownowaznym celem byto rowniez eksperymentalne wyznaczenie
odpowiedzi mechanicznej wigzadet kregostupa i opony twardej otaczajacej rdzen kregowy cztowicka,
z uwzglednieniem nieliniowosci, anizotropii oraz wptywu predkosci odksztatcenia, w formie przydatnej
do identyfikacji praw konstytutywnych i zastosowan w modelowaniu numerycznym.

Metodologia: Opracowano metodyke badan mechanicznych tkanek na podstawie analizy
literatury oraz cyklu wiasnych badan pilotazowych na probkach odzwierzecych, obejmujacych
jednoosiowe proby wytrzymatosciowe przy obcigzeniach quasi-statycznych i dynamicznych.
Zaprojektowano, zbudowano i przeprowadzono walidacje autorskiej maszyny wytrzymatosciowej
przeznaczonej do jednoosiowych prob rozciagania, wyposazonej W komore srodowiskowa utrzymujaca
warunki wilgotnosci i temperatury zblizone do warunkdéw in vivo. W badaniach wtasciwych
przeprowadzono in vitro proby rozciggania tkanek ludzkiego kregostupa od 7 dawcoéw (kobiety
i mezczyzni, 60-90 lat). Analizowano wiezadta kregostupa oraz opone twardg przy roznych
predkosciach  odksztatcenia. Badania opony twardej prowadzono w dwdch kierunkach
(podtuznym/poprzecznym) zgodnych z orientacjg tkanki w ciele cztowieka. Lacznie przeanalizowano
270 prébek opony twardej oraz 590 probek wiezadet. Dane pomiarowe przetwarzano w $rodowisku
Python w celu wyznaczenia charakterystyk wytrzymatosciowych opisanych za pomoca krzywych sita-
wydluzenie oraz naprezenie-odksztatcenie i ich charakterystycznych punktow.

Rezultaty: Uzyskano zestawy danych materiatowych tkanek migkkich kregostupa: wigzadet
i opony twardej. Opracowano i przeprowadzono walidacje ujednoliconej procedury badawczej, w tym
autorskie rozwigzania mocowania probek. Zaproponowano i poréwnano nowg metod¢ pomiaru
geometrii  tkanek. Wyznaczono krzywe naprezenie-odksztatcenie wraz  z  punktami
charakterystycznymi. Dla wigzadet odcinka piersiowego uzyskano m.in. $rednie sity zniszczenia rzgdu
~190-480 N. Dla wigzadet szyjnych wykazano m.in. wptyw predkosci odksztatcenia (0.5 vs 50 s™),
m.in. wzrost modutu sprezystosci w PLL i LF 0 ~86% i ~75%. Dla opony twardej m.in. potwierdzono
zalezno$¢ od predkosci odksztalcenia (wzrost modutu z ~172 MPa przy 0.5 s™* do ~269 MPa przy 25
s™!) oraz silng anizotropi¢ (modut ~283 MPa podtuznie vs ~16 MPa poprzecznie).

Whioski: Rozprawa dostarcza nowych danych materialowych dla wigzadet kregostupa i opony
twardej oraz poddang walidacji ujednoliconag metodyke ich pozyskiwania, przetwarzania i analizy.
Rezultaty moga znalez¢é zastosowanie W modelowaniu numerycznym i rozwoju HBM, a takze
potencjalnie w implantologii i medycynie. Odtwarzalny charakter metodyki moze zwigkszy¢
porownywalnos¢ wynikow migdzy laboratoriami i stanowi baze do dalszej identyfikacji praw
konstytutywnych oraz walidacji modeli biomechanicznych.



Abstract

Motivations: The growing role of numerical simulations across many fields of engineering,
including road traffic safety engineering, has increased the importance of Human Body Models (HBMs),
which enable the analysis of injury mechanisms during traffic events. Despite the development of
advanced tools such as THUMS and VIVA+, the reliability of injury prediction using such models is
still limited by the shortage of consistent and comparable experimental data needed for the development
and calibration of realistic mechanical models of biological tissues.

Aim: This series of publications was prepared within the framework of the projects “Modeling
of failure of the human cervical spine in the course of the car collision with the road barrier”
(2020/37/B/ST8/03231) and “Development of anisotropic, visco-hyperelastic constitutive law for
modeling spinal dura mater of humans” (27/1/2022/IDUB/13b/Ag). The aim of the dissertation was to
develop and unify a methodology for in vitro mechanical testing of soft tissues of the spine, including
test protocols, specimen preparation and fixation, test execution, geometry and deformation
measurement, as well as data processing and analysis. An equally important objective was the
experimental determination of the mechanical response of human spinal ligaments and spinal dura
mater, taking into account nonlinearity, anisotropy, and strain-rate effects, in a form suitable for
constitutive model identification and numerical applications.

Methodology: The testing methodology was developed on the basis of a literature review and
a series of pilot studies conducted on animal specimens, including uniaxial tensile tests under
guasi-static and dynamic loading conditions. A custom tensile testing machine for uniaxial tension tests
was designed, built, and validated. The system was equipped with an environmental chamber
maintaining humidity and temperature conditions close to those found in vivo. In the main experimental
campaign, in vitro tensile tests were performed on human spinal tissues obtained from 7 donors (female
and male, aged 60-90 years). Spinal ligaments and spinal dura mater were tested at different strain rates.
The dura mater was examined in two directions (longitudinal and transverse), consistent with its
orientation in the human body. In total, 270 dura mater specimens and 590 ligament specimens were
analyzed. The measurement data were processed in the Python environment in order to determine
mechanical characteristics described by force-elongation and stress-strain curves, together with their
characteristic points.

Results: Material datasets were obtained for spinal soft tissues, including ligaments and spinal
dura mater. A unified experimental procedure was developed and validated, including custom specimen
fixation solutions. A new method for tissue geometry measurement was proposed and compared with
alternative approaches. Stress-strain curves and their characteristic points were determined. For thoracic
spinal ligaments, average failure forces of approximately 190-480 N were obtained. For cervical
ligaments, a clear strain-rate effect was demonstrated (0.5 vs 50 s?), including an increase in Young’s
modulus in the PLL and LF by approximately 86% and 75%, respectively. For the spinal dura mater,
strain-rate dependency was also confirmed, with the modulus increasing from approximately 172 MPa
at 0.5 s to approximately 269 MPa at 25 s, as well as pronounced anisotropy, with the modulus being
approximately 283 MPa in the longitudinal direction and approximately 16 MPa in the transverse
direction.

Conclusions: The dissertation provides new material data for spinal ligaments and spinal dura
mater, as well as a validated and unified methodology for their acquisition, processing, and analysis.
The results may be applied in numerical modelling and the development of HBMs, and potentially also
in implantology and medicine. The reproducible character of the methodology may improve the
comparability of results between laboratories and provide a basis for further constitutive model
identification and validation of biomechanical models.
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1. Wstep
1.1 Opis problemu badawczego i motywacje

Mimo systematycznego rozwoju rozwigzan poprawiajacych bezpieczenstwo ruchu
drogowego, wypadki drogowe nadal prowadzg do ci¢zkich obrazen i zgonéw. W Polsce
w 2024 r. odnotowano 21 519 wypadkow, 1 896 ofiar Smiertelnych oraz 24 782 osoby ranne,
w tym 7 796 cigzko rannych [1], co pokazuje, ze zagrozenie w ruchu drogowym nadal pozostaje
istotnym problemem, mimo obserwowanych w dtuzszym horyzoncie dziatan prewencyjnych.
W ujeciu europejskim poprawa bezpieczenstwa roéwniez pozostaje powolna: Komisja
Europejska raportuje okoto 19 800 ofiar $miertelnych w UE w 2024 r. (spadek o ok. 3%
wzgledem 2023 r.), co podkresla potrzebe dalszego doskonalenia urzadzen bezpieczenstwa, jak
réwniez narzedzi oceny ryzyka i mechanizmow urazow ciata cztowieka [2]. W tym obszarze
coraz wiekszg rol¢ odgrywaja symulacje numeryczne [3-11], ktore pozwalajg analizowaé
scenariusze zdarzen drogowych w kontrolowanych warunkach, ocenia¢ mechanizmy
powstawania urazéw pod wpltywem obcigzen dynamicznych [12] i porownywaé warianty
konstrukcji pojazddw oraz infrastruktury [13].

Wsrod narzedzi wykorzystywanych w symulacjach numerycznych do analizy
mechaniki powstawania urazéw, szczegoélng pozycje zajmuja modele ciala czlowieka
(ang. Human Body Model - HBM). Umozliwiajg one $ledzenie mechanizmow powstawania
uszkodzen w czasie zdarzenia oraz ocen¢ wpltywu parametrow wypadku na obcigzenia tkanek
[14-17]. Jednocze$nie HBM sg narzgdziami, ktore wcigz wymagajg rozwoju. O wiarygodno$ci
wynikéw uzyskiwanych przy uzyciu HBM decyduje bowiem w istotnym stopniu zestaw
przyjetych zatozen, w tym w szczegdlnosci zastosowane modele konstytutywne opisujace
zachowanie poszczegdlnych tkanek [18-27].

Sformutowanie modelu materialowego wymaga, poza opisem teoretycznym na
poziomie mechaniki osrodkow ciagtych, przeprowadzenia odpowiednich eksperymentow, zob.
np. [25,26,28-35]. Parametry modeli konstytutywnych tkanek sa identyfikowane na podstawie
wynikow badan biomechanicznych. Eksperymenty petnia role kluczowa: dostarczaja danych
do identyfikacji, kalibracji i walidacji modeli oraz pozwalaja weryfikowa¢ hipotezy dotyczace
mechaniki urazu. Podobne dane bywaja tez uzyteczne w obszarach klinicznych, wspierajac
analize odpowiedzi mechanicznej tkanek na obcigzenia zwigzane z zabiegami chirurgicznymi
oraz procedurami implantologicznymi [36].

Tematem mojej pracy sa eksperymentalne badania biomechaniczne tkanek migkkich
kregostupa czlowieka, W szczegolnosci wigzadel kregostupa oraz opony twardej. Zrozumienie
wlasciwo$ci mechanicznych tych struktur jest kluczowe dla badania statyki i dynamiki
kregostupa oraz dla opracowania skutecznych strategii leczenia patologii i urazow kregostupa.
Wiezadta odpowiadaja za stabilizacj¢ segmentow I ograniczanie niepozadanych przemieszczen
kregostupa [37]. Opona twarda stanowi mechaniczng ostong struktur nerwowych, ktorych
funkcjonowanie moze by¢ zaburzone W warunkach oddzialywan mechanicznych [38-44].
Badania tkanek migkkich stanowig istotne wyzwanie badawcze. Wymagaja miedzy innymi
precyzyjnej preparatyki, stabilnego mocowania i spojnej obrobki danych i interpretacji
wynikow. Tkanki te cechuje anizotropia oraz wtasciwosci lepkosciowe.

Badania biomechaniczne tkanek migkkich kregostupa stanowig istotne wyzwanie
eksperymentalne. Dotyczy to zaréwno wiezadet kregostupa, jak i opony twardej, ktorych
odpowiedz mechaniczna zalezy nie tylko od wtasciwosci samej tkanki, ale rowniez od sposobu
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przygotowania i zamocowania probki, warunkow testu, predkosci odksztatcenia oraz metody
opracowania danych [45-48]. W literaturze podjete zostaly proby okreslenia paradygmatu
techniki przeprowadzania pomiaréw biomechaniki tych tkanek w warunkach in vitro
[30,34,45,49], jednak nadal brak pelnego ujednolicenia procedur badawczych, zwlaszcza
Z punktu widzenia pozyskiwania danych uzytecznych do identyfikacji praw materiatowych.
Dodatkowg trudno$¢ stanowi duza zmienno$¢ biologiczna badanych tkanek, obejmujgca
miedzy innymi wpltyw wieku i orientacji tkanki na uzyskiwane wyniki [50-53].
W konsekwencji dostepne dane eksperymentalne sg nadal nie W pelni porownywalne, co
uzasadnia zaréwno potrzebg¢ dalszych badan eksperymentalnych, jak i potrzebe opracowywania
spojnych protokotow badawczych.

1.2 Analiza literatury w kontekscie niejednorodnosci procedur badawczych

Studium literatury wskazuje, ze badania biomechaniczne tkanek migkkich krggostupa
charakteryzujg si¢ znaczng niejednorodno$cia metodologiczng [45,50]. Roznice dotycza
przygotowania probki, sposobu jej zamocowania, warunkéw testu, predkosci odksztatcenia,
metod wyznaczania geometrii i odksztalcenia oraz sposobu opracowania wynikow.
W rezultacie nawet badania odnoszace si¢ do tych samych tkanek czgsto dostarczaja danych
cechujacych si¢ duzg rozbieznos$cia.

Na zmienno$¢ interpretowanych wynikow wptywa bioréznorodno$é dawcow.
Wykazano znaczng zalezno$¢ czgéci parametrow mechanicznych od wieku [54-58]. Ponadto
autorzy [52] wykazuja roznice W wynikach z uwagi na pte¢ dawcow. Kolejnym istotnym
czynnikiem sa metody utrwalania probek [45,59-63], warunki przechowywania tkanek
zarowno przed badaniem [64-66], jak i w jego trakcie [46], a takze sposob ich preparacji do
planowanych testdbw mechanicznych [67]. Czynniki te mogg istotnie wptywac na uzyskiwane
wartosci parametrow mechanicznych, a tym samym utrudnia¢ bezposrednie zestawianie
wynikow pochodzacych z roznych osrodkéw badawczych [50]. Wykazano, ze istotny
statystycznie wptyw na wilasciwosci mechaniczne ma prekondycjonowanie przed badaniem
wilasciwym [68] oraz ponowne zamrazanie probek [66].

Kolejnym elementem protokotu eksperymentalnego majacym bezposredni wptyw na
uzyskiwane rezultaty jest sposb przygotowania oraz montazu probki do badania
wytrzymatosciowego. W pracy [69] badano bezposrednio pozyskane od dawcow
(niezmodyfikowane) kompleksy kostno-wiezadtowe (BLB - patrz podrozdziat suplementu S
1.2.4) i opisywano ich odpowiedz za pomoca krzywych sita-przemieszczenie. Przy badaniu
niezmodyfikowanego BLB w jednoosiowym rozcigganiu czestym problemem pozostaje
odspojenie wigzadla od kosci albo poslizg probki w uchwycie, prowadzace do zniszczenia
uktadu poza bazg pomiarowa [45,70]. Taki wynik moze by¢ wystarczajacy przy ocenie sity
niszczacej catego kompleksu kostno-wigzadtowego [71]. Na podstawie tych danych nie jest
mozliwe wyznaczenie parametrow materialowych dla tkanki migkkiej, niezbednych do
identyfikacji prawa konstytutywnego [72]. W innych pracach konce kostne BLB umieszczano
w adapterach i zatapiano w materiale mocujacym, stosujac dodatkowe elementy zakotwienia,
takie jak S$ruby, druty Ilub drewniane kotki [46,47,73]. Metody te zwickszaja
prawdopodobienstwo uzyskania zniszczenia W obrebie wigzadla w badaniach wigzadet odcinka
szyjnego, ale nie eliminuja problemu catkowicie. Ich skuteczno$¢ jest ponadto ograniczona
w przypadku bardziej wytrzymatych struktur, takich jak wiezadla odcinka piersiowego
i ledzwiowego, gdzie utrzymanie pozadanego miejsca zniszczenia staje si¢ jeszcze trudniejsze
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[48,69]. Inaczej niz w przypadku wigzadel, geometri¢ probki opony twardej przygotowuje si¢
W postaci ksztattu dog-bone [52,74] lub prostokatnego [75,76] zamocowanych w maszynie
wytrzymato$ciowej bez udziatu innych tkanek.

W przypadku tkanek migkkich badania prowadzi si¢ najczgsciej w warunkach
jednoosiowego lub dwuosiowego rozciggania, poniewaz ich budowa anatomiczna
przystosowana jest wylacznie do przenoszenia napr¢zen rozciggajacych. W czgsci prac
analizowano zatem odpowiedZz jednoosiowg W kierunku podtuznym [47,48,54,67,73],
aw przypadku opony twardej takze poprzecznym [52,53,74,76] oraz ztozonym
dwukierunkowym stanie naprezenia [75,77]. Dodatkowo probki biologiczne wykazujg
wlasciwosci lepkosciowe, co W testach dynamicznych moze prowadzi¢ do wzrostu wartos$ci
czesci parametroOw mechanicznych takich jak sztywno$¢ oraz wartosSci sity niszczacej
w zaleznos$ci od predkosci obcigzenia [46,47,73,78].

Sposéb pomiaru odksztatcenia probki w literaturze jest zréznicowany: od obliczen
opartych na przemieszczeniu trawersy maszyny [64,74,76] po pomiar optyczny z uzyciem
markerow i cyfrowej korelacji obrazu [52,53,75,77]. Obie metody wigzg si¢ jednak
z ograniczeniami, dlatego wymagaja precyzyjnego opisu metodologii w celu zapewnienia
powtarzalno$ci badan i wlasciwej interpretacji wynikow [49].

Przy badaniu tkanek migkkich o tak niejednoznacznej geometrii jak w przypadku
wigzadel, utrudnione jest przyjecie poczatkowej dtugosci oraz pola przekroju poprzecznego
probki (patrz podrozdziat 5.2 oraz Rys. 28) [47,54,70]. Dodatkowy problem stanowi
wyznaczanie punktow charakterystycznych krzywej (patrz podrozdziat suplementu S 1.4)
oraz wyznaczenie sredniej krzywej reprezentatywnej dla grupy badanych probek. Wynika to
Z tego, ze poszczegllne probki roznig si¢ przebiegiem odpowiedzi nieliniowej, nachyleniem
czesci liniowej, czy zakresem poszczegdlnych regiondw charakterystycznych, a przyjety
sposdb normalizacji i dopasowania danych wptywa na wynik koncowy [34].

Wszystko powyzsze uzasadnia potrzebe dalszych badan eksperymentalnych
oraz opracowywania mozliwie spojnych procedur badawczych i schematéw przetwarzania
danych, tak aby uzyskiwane wyniki byly porownywalne i uzyteczne do identyfikacji praw
materiatowych w modelach numerycznych.

1.3 Cel pracy

W pracy przyjatem dwa cele gtowne:
o C1: opracowanie spojnego protokotu eksperymentalnego badan wigzadet kregostupa
oraz opony twardej. Protokot obejmuje przygotowanie i mocowanie probek, przebieg testu,
pomiar geometrii i odksztalcenia, przetwarzanie i analize danych.
o C2: pozyskanie danych materialowych wig¢zadet i opony twardej krggostupa w postaci
uzytecznej do identyfikacji praw konstytutywnych i zastosowan w modelowaniu
numerycznym.

1.4 Metody

Metodyka pracy obejmowata nastepujace glowne elementy: przeglad literatury, rozwoj
infrastruktury badawczej oraz badania eksperymentalne prowadzone iteracyjnie z korekta
protokotu. Badania wykonano in vitro na probkach mrozonych, nieutrwalanych formalina.
Przeprowadzono jednoosiowe proby rozciggania wigzadel odcinka piersiowego i Szyjnego
oraz opony twardej kregostupa. Testy obejmowaly obcigzenia quasi-statyczne i dynamiczne.

W badaniach odcinka szyjnego krggostupa porownano dwa warianty predkosci odksztatcenia:
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0.5s11 50 s'. W przypadku opony twardej testy wykonano w dwdch kierunkach zgodnych
z orientacja tkanki. Dane przetwarzano wedlug ujednoliconego schematu, uzyskujac
porownywalne krzywe sita-wydluzenie oraz naprezenie-odksztalcenie. Wyznaczono rowniez
parametry  charakterystyczne materialu  (m.in.  sztywno$¢, modut  sprezystosci,
naprezenie/odksztatcenie niszczace, pozorna liczba Poissona [29,33,53,79-82]).

1.5 Ograniczenia

Badania prowadzone in vitro nie odwzorowuja W pelni warunkow in vivo, m.in.
oddziatywan z otoczeniem tkanek, warunkéw uwodnienia oraz srodowiska ptynowego. Prébki
byly mrozone i testowane po rozmrozeniu, co jest rozwigzaniem praktycznym, ale moze
wplywaé na wlasno$ci materialowe. Liczba dawcéw jest ograniczona, a wigkszo$¢ materiatu
pochodzita od 0sob starszych (60-90 lat). Wystepuje nadreprezentacja kobiet wsrdéd dawcow
(5 do 2). W konsekwencji, badana grupa nie odzwierciedlata w petni zréznicowania populacji
pod wzgledem zmiennych demograficznych i antropometrycznych, takich jak wiek, pte¢
oraz cechy budowy ciata, co ogranicza mozliwos¢ jednoznacznej oceny wptywu tych cech na
wiasciwos$ci mechaniczne tkanek. Dane charakteryzuja si¢ duzg zmiennoscia, a cze$¢ rozrzutu
moze wynika¢ od sposobu wyznaczania odksztalcenia, procedur przygotowania probki lub
metody okreslenia geometrii czynnej.



2. Rozwaj protokotlu eksperymentalnego

Jednym z gtéwnych rezultatow niniejszej rozprawy bylo opracowanie przeze mnie
i stopniowe ujednolicenie protokolu eksperymentalnego przeznaczonego do badan
mechanicznych tkanek migkkich kregostupa cztowieka, w szczegdlnosci wigzadet oraz opony
twardej rdzenia krggowego. Protokol ten nie zostal przyjety w postaci gotowej na poczatku
pracy, lecz byt rozwijany iteracyjnie na podstawie analizy literatury, wlasnych badan
pilotazowych na materiale odzwierzgcym, do§wiadczen zdobytych podczas testow wlasciwych
oraz wnioskow wynikajacych z kolejnych etapdw cyklu publikacji. Jego ostateczna postac
stanowi wigc rezultat procesu badawczego. Szczegotowy opis procedur eksperymentalnych
przedstawiono w publikacjach 11, 1V, V, VI oraz czesciowo w VII, natomiast w niniejszym
podrozdziale omoéwiono logike budowy tego protokotu oraz rozdzielono elementy
zaadaptowane z literatury od rozwigzan autorskich.

Punktem wyj$cia do budowy protokotu byta krytyczna analiza literatury, ktéra wykazata
znaczng niejednorodno$¢ stosowanych procedur badawczych (patrz podrozdziat 1.2).
Literatura stanowita wiec zbidr przestanek pozwalajacych zdefiniowaé ramy dalszych prac
eksperymentalnych, a nie zrodto gotowego standardu. Z literatury przyjatem przede wszystkim
ogdlne zatozenie, ze badania tkanek migkkich kregostupa powinny by¢ prowadzone
W jednoosiowej probie rozciggania, zardéwno W warunkach quasi-statycznych, jak
i dynamicznych (predkos¢ odksztatcenia 0.5 s™' i 50 s™') do zniszczenia probki. Taki schemat
obcigzenia odpowiada dominujgcemu mechanizmowi przenoszenia naprezen przez te struktury
i jest tatwo interpretowalny W konteks$cie zapisu prawa materiatowego. Na podstawie doniesien
literaturowych oraz ich konfrontacji z wlasnymi obserwacjami przyjatem rowniez stosowanie
materialu mrozonego, rozmrazanego przed badaniem, a takze okre$lono procedure
prekondycjonowania (10% wydtuzenia w 60 cyklach z czestotliwoscig 1 Hz).

Zasadnicza cz¢$¢ protokotu zostata jednak wypracowana autorsko. Dotyczy to przede
wszystkim sposobu przygotowania i mocowania probek wiezadet w konfiguracji BLB.
Literatura wskazuje, ze stosowanie dodatkowych elementdéw wzmacniajacych w rejonie
mocowania nie jest podej$ciem odosobnionym, jednak nie istnieje uniwersalna i powszechnie
zaakceptowana procedura ,,zbrojenia” takich probek. W przeprowadzonych badaniach sposob
wzmacniania BLB rozwijatem iteracyjnic na podstawie prob pilotazowych, poczatkowo
prowadzonych na materiale odzwierzecym, a nastepnie doskonalitem w badaniach wtasciwych.
Szczego6lne znaczenie miato to W przypadku wiezadet bardzie; wytrzymalych, dla ktorych
przedstawione w literaturze sposoby mocowania okazywaty si¢ niewystarczajace do uzyskania
pozadanego mechanizmu zniszczenia W obrgbie tkanki wigzadta. Opracowane rozwigzania
obejmowaly dobdr rodzaju zbrojenia zaleznie od anatomii badanego wigzadla
oraz zastosowanie dodatkowych elementoéw niewystgpujacych wprost W opisach
literaturowych, a istotnych z punktu widzenia eliminacji poslizgu probki, pgkania czesci
kostnych i odspojenia przyczepow.

Autorski charakter mial rowniez rozw6dj] metodyki badania opony twardej rdzenia
kregowego. Dotyczylo to zarbwno nadawania probce geometrii roboczej, jak i sposobu jej
wycinania oraz montowania W maszynie wytrzymato$ciowej W taki sposob, aby uzyskaé
powtarzalne warunki obcigzenia i zniszczenie w obszarze pomiarowym. W tym celu
opracowalem wtlasne rozwigzania adaptera wspomagajacego jej przygotowanie i mocowanie
(W.132878). Ponadto w ramach publikacji V opracowatem autorska metode przetwarzania
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danych eksperymentalnych i opisatem konieczno$¢ uwzgledniania metody pomiaru
odksztatcenia w badaniach wytrzymatosciowych opony twarde;j.

Waznym elementem autorskim byto takze przygotowanie infrastruktury badawczej
dostosowanej do specyfiki analizowanych tkanek. W ramach rozprawy zaprojektowatem,
zbudowatem i zwalidowatem cze$¢ mechaniczng stanowiska do jednoosiowych prob
rozciggania, przeznaczone do badan probek biologicznych 0 matych wymiarach i zlozonej
geometrii (Pat.248467). Stanowisko wyposazono W komor¢ $rodowiskowg wedtug mojego
projektu umozliwiajgcg utrzymywanie temperatury i Wilgotnosci otoczenia probki na poziomie
zblizonym do warunkéw in vivo (tj. temperatury 36.6°C oraz wilgotnosci powietrza 95%).
Mialo to znaczenie dla ograniczenia wptywu wysychania tkanki i poprawy powtarzalno$ci
badan. Autorski charakter miato rowniez zastosowanie mieszaniny zywicy z dodatkiem piasku
do utwierdzania probek wigzadet. Rozwigzanie to okazato si¢ korzystne zaréwno z punktu
widzenia stabilizacji probki podczas przygotowania i testu, jak i z przyczyn technologicznych
oraz ekonomicznych.

Osobng grupe rozwigzan autorskich stanowity elementy zwigzane z przetwarzaniem
I interpretacja danych. Dotyczy to W szczego6lno$ci sposobu usredniania krzywych naprezenie-
odksztatcenie oraz sita-wydtuzenie dla grup probek 0 znacznej zmiennosci w przebiegach
krzywych. W niniejszej pracy przyjeto podejscie, W ktorym przebiegi porzadkowano
Z uwzglednieniem charakterystycznych regionéw odpowiedzi mechanicznej i punktow
przejscia pomiedzy nimi. Podejscie to miato na celu lepsze odzwierciedlenie typowej
odpowiedzi badanej tkanki oraz ograniczenie niejednoznacznosci W grupach krzywych,
wynikajacych ze zroznicowanego przebiegu i zakresu regionu toe, nachylenia czgséci liniowej
i wartosci punktu zniszczenia. W rezultacie opracowany sposob analizy danych stanowi
integralng czg¢$¢ protokotu eksperymentalnego.



3. Synteza zalaczonych publikacji

Publikacja I: Influence of a Lighting Column in the Working Width of a W-Beam Barrier
on TB51 Crash Test (2022)

Wstep: Publikacja dotyczy bezpieczenstwa ruchu drogowego i oceny pracy drogowego
systemu powstrzymujacego W warunkach zderzenia cigzkiego pojazdu z barierg stalowa typu
W-beam w tescie TB51 (EN 1317 [83]). Rozpatrzono sytuacje, W Kktorej w szeroko$ci
pracujacej bariery znajduje si¢ dodatkowy element infrastruktury (certyfikowany stup
oswietleniowy), co moze wplywa¢ na mechanizm odksztatcania bariery oraz zdolnosé¢
powstrzymania i przekierowania pojazdu [84-87]. Praca taczy dane z testu poligonowego
z analizg numeryczng i procedurg walidacji modelu [88,89].

Metodologia: Zrealizowano zmodyfikowany test zderzeniowy TB51: autobus o0 masie 13 ton
uderzal w barier¢ z predkoscig 70 km/h pod katem 20°, przy obecnosci stupa oswietleniowego
zlokalizowanego w obszarze szerokosci pracujacej [14,90]. Rownolegle opracowano model
numeryczny zdarzenia w programie MPP LS-Dyna R10.1 [28], uwzgledniajacy pojazd, bariere
oraz warianty z kolumng i bez niej (patrz Tabela 1). Walidacj¢ symulacji przeprowadzono
przez poréwnanie wynikow analiz numerycznych z badaniami eksperymentalnymi, analizujac
przebieg zdarzenia w czasie i wskazniki cigzko$ci zderzenia (m.in. ASI i THIV [83])
oraz zgodnos$¢ scenariusza deformacji i kontaktu pojazd-bariera. Porownano przebieg
symulacji z i bez kolumny.

Rezultaty: Test poligonowy oraz symulacja numeryczna wykazaty, ze obecnos¢ stupa
o$wietleniowego istotnie zmienia prace bariery. Opisano proces, W jaki sposéb kolumna
zaburza sekwencj¢ odksztalcen prowadnicy | wspotprace elementow bariery. W analizowanym
przypadku prowadzi to do braku prawidlowego powstrzymania i przekierowania autobusu.
Uzyskano jakos$ciowa zgodno$¢ mechanizmu zdarzenia pomiedzy eksperymentem a symulacja,
a takze wysoka zgodnos¢ przebiegu ASI (korelacja ok. 84%), przy jednoczesnych
rozbieznosciach dla THIV omoéwionych w pracy. W analizie wariantowej (symulacje)
wykazano réznice pomig¢dzy uktadem referencyjnym (bez kolumny) a przypadkiem z kolumna.
W rozpatrywanym wariancie bez kolumny uzyskano ASI =0.33 i THIV =16.1 km/h, natomiast
w wariancie z kolumng AST= 0.44 i THIV = 17.7 km/h. Obecnos¢ kolumny wptywata rowniez
na parametry ruchu pojazdu, w tym na wzrost maksymalnego kata przechytu autobusu z 2.01°
do 5.96°.

Whnioski: Badania potwierdzity, ze certyfikowany element infrastruktury zlokalizowany
W szerokosci pracujacej certyfikowanej bariery moze W sposob krytyczny zaburzy¢ mechanizm
jej pracy podczas zderzenia pojazdu, prowadzac do niepozadanego przebiegu zdarzenia mimo
spetnienia formalnych warunkow testu TB51. Ponadto, wyniki pracy pokazaty, ze wskazniki
ASI i THIV moga pozostawa¢ W granicach normowych mimo przebiegu zderzenia, ktory
Z punktu widzenia rzeczywistego bezpieczenstwa nie powinien by¢ uznany za bezpieczny.
Wskazuje to na ograniczenia oceny opartej na tego rodzaju wskaznikach oraz na zasadno$¢
uzupetnienia jej analizg z wykorzystaniem modeli HBM. Potaczenie testu petnoskalowego
Z analizg numeryczng pozwolito na odtworzenie i interpretacj¢ mechanizmu uszkodzen (patrz
Rys. 1) oraz na oceng wrazliwosci wynikow na obecnos¢ przeszkody w strefie pracy systemu.
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Tabela 1 Porownanie modelu MES autobusu, autobusu uzytego w eksperymencie

SETRA S215 UL Model Year

FE Model 1991 EN 1317
Mass 12,967.6 kg 12,992 + 20 kg 13,000 + 400 kg
Length 12.80 m 12.010 £0.020 m n/a
Width 2.506 m 2.490 £ 0.020 m n/a
Location of center of CGx: 3987 mm CGx: 3815+ 2 mm CGx: 3800 mm £ 10%
- CGy: 0 mm CGy:3+x2mm CGy: £100 mm
gravity (CG) CGz: 1338 mm CGz: 1435+ 2 mm CGz: 1400 mm +15%/—5%
Number of axles 2 2 n/a
Wheel base 6.798 m 6.080 £ 0.020 m 6.50 m = 15%
\?f/fh;:tl/ft'gg(f:;( 2.088 m/1.769 m | 2.070 + 0.020 m/1.800 + 0.020 m 2.00 m + 15%
Number of nodes 125,550 n/a n/a
Number of FEs 128,245 n/a n/a
(A) (B)

the spacer did not detach

from the post

the spacer detached

from the post

Rys. 1 Widoki izometryczne symulacji (czas = 0.3 s) (A) test z kolumng i (B) test bez kolumny

Zrédlo: Publikacja I, opracowanie wlasne

Szczegbtowy opis autorskiego wktadu w cykl publikacji zamieszczam w rozdziale 4.




Publikacja I1: Mechanical response of human thoracic spine ligaments under quasi-static
loading: An experimental study (2024)

Wstep: Glownym celem publikacji byto dostarczenie informacji o odpowiedzi mechanicznej
wiezadel odcinka piersiowego krggostupa cztowieka (ALL, PLL, CL, LF, ISL+SSL) w probie
quasi-statycznego jednoosiowego rozciggania [48]. Praca koncentruje si¢ na trzech
powiagzanych aspektach:

(1) opisaniu odtwarzalnej procedury eksperymentalnej, obejmujgcej przygotowanie
i ,,zbrojenie” probek, sposOb pomiaru dlugosci i szerokoS$ci, analiz¢ danych);

(2) uzyskaniu przebiegow sita-wydtuzenie dla wybranych wiezadet;

(3) usystematyzowaniu Kkrzywych poprzez wyznaczenie regiondéw charakterystycznych
(ang. toe, linear, subfailure) i zaproponowaniu metody usredniania krzywych opartej na
punktach przej$cia migdzy tymi regionami (I, Il punkty przejscia) [34,45,68].

Metodologia: Badania wykonano na prébkach pozyskanych z ludzkich odcinkéw piersiowych
kregostupa pobranych od 4 dawcow. Dla kazdej probki wyznaczano podstawowe cechy
geometryczne: dlugos¢ lo oraz szeroko$¢ Wwo. Zaproponowano procedurg preparatyki
| przygotowania probek do rozciggania w konfiguracji BLB, w tym zastosowanie wzmocnien
(,,zbrojenia”) w rejonie mocowania oraz utwierdzanie w zywicy epoksydowej. Miato to
ograniczy¢ poslizg W uchwycie maszyny wytrzymato$ciowej oraz wyeliminowaé ryzyko
zniszczenia probki poprzez zerwanie przyczepu wiezadta [30]. Proby prowadzono na autorskiej
maszynie wytrzymalo$ciowej z komora Srodowiskowa utrzymujaca temperature 36.6°C
I wilgotnos¢ 95% podczas testu (patrz Rys. 2), w warunkach quasi-statycznych (predkosc¢
odksztatcenia 0.5 s) [46,47]. Zarejestrowane przebiegi sita-wydtuzenie analizowano poprzez
wyznaczenie punktow przejScia pomigdzy charakterystycznymi regionami krzywych,
a nastepnie zastosowano procedure usredniania krzywych opartg na usrednianiu tych punktow
[34].

Rezultaty: Wyznaczono wartosci graniczne i charakterystyczne dla badanych struktur, w tym
site niszczaca Fr oraz wydhuzenie przy zniszczeniu 4L+. Srednie sity niszczace wyniosty: ALL
~482 N, PLL ~318 N, LF ~295 N, CL ~194 N, ISL+SSL ~191 N. Srednie wydluzenia przy
zniszczeniu wyniosty: ALL ~4.8 mm, PLL ~2.5 mm, LF ~2.8 mm, CL ~2.0 mm, ISL+SSL ~5.0
mm (patrz Rys. 3). Zidentyfikowano punkty przejscia | i II dla kazdej grupy, co umozliwito
zdefiniowanie krzywych usrednionych oraz poréwnanie przebiegdw poszczegdlnych typow
wiezadel na réznych poziomach odcinka piersiowego. Wyniki potwierdzily roznice
w odpowiedzi mechanicznej pomiedzy wigzadtami, zarowno W zakresie wartosci granicznych,
jak i przebiegu krzywych.

Whioski: Praca dostarcza uporzadkowanych danych eksperymentalnych wiezadet odcinka
piersiowego w warunkach obcigzen quasi-statycznych oraz opisuje odtwarzalng procedure
badawcza, W ktorej istotng rolg odgrywa sposob przygotowania i ,,zbrojenia” probek.
Wyznaczanie punktow przejscia | i Il oraz proces usredniania przebiegéw krzywych pozwala
opisywac typowa odpowiedZz wigzadet W sposob pordéwnywalny miedzy grupami. Stanowi to
praktyczng baz¢ do dalszej analizy oraz przygotowania danych do modelowania
materiatlowego.
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linear module

Rys. 2 Uktad testowy: (A) autorska maszyna wytrzymatosciowa (B) komora srodowiskowa

Zrédlo: Publikacja II, opracowanie wlasne

1o | W= Thl-The 404 EEE Thl - Thé
WM Th7 - Thi2 o] BN Th7 - Thi2
£10- 3
§ * 4%
o z
£ g z 15 A
z =
£ 4 g 10+
24 51
ALL  PLL  CL LF ISL ALL  PLL  CL LF ISL
A B
X+
EEE Thi- Thé W Thl- Thé
LUy W Th7-Thi2 | § BN Th7 - Th12
2, <61
g 2
5 400 1 B,
o B
3 <
= 1
£ 200 Z
&
0 -

CL LF SL ALL PLL CL LF IsL
C D

Rys. 3 Srednia i odchylenie standardowe dla: (A) dtugosci poczatkowej, (B) szerokosci poczatkowej,
(C) sity niszczacej, (D) wydtuzenia przy zniszczeniu
Zrédlo: Publikacja II, opracowanie wlasne

Szczegbtowy opis autorskiego wktadu w cykl publikacji zamieszczam w rozdziale 4.
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Publikacja Il1: The role of sand filler in enhancing the mechanical properties of
polymethylmethacrylate composites (2025)

Wstep: Publikacja dotyczy modyfikacji zywicy PMMA stosowanej do mocowania probek
w badaniach mechanicznych, w szczegdélnosci do utwierdzania elementéw biologicznych
[91-95]. Praca koncentruje si¢ na ocenie, czy dodatek wypetniacza piaskowego moze poprawic
cechy materiatlowe zywicy istotne z punktu widzenia przygotowania/mocowania probek
biologicznych: sztywno$¢, wytrzymatos¢ oraz przyczepnos¢/wypetnienie, a jednoczesnie
ograniczy¢ koszty badania [96,97].

Metodologia: Wykonano seri¢ probek kompozytowych zywicy PMMA z dodatkiem piasku
normowego (PN-EN 196-1:2016-07) o r6znych udziatach masowych wypetniacza (patrz Rys.
4). Przeprowadzono jednoosiowe testy rozciggania quasi-statycznego probek z pomiarem
odksztalcenia metodg cyfrowej korelacji obrazu (patrz Rys. 5), w celu wyznaczenia modutu
sprezystosci | wytrzymalos$ci na rozcigganie [98]. Przeprowadzono rowniez pomiary gestosci
i analize zmian wynikajacych z modyfikacji proporcji piasku w sktadzie kompozytu [99].
Zbadano takze rozptyw w celu oceny potencjalu zastosowania mieszaniny w procesie
utwierdzania probek biologicznych. Réwnolegle opracowano i zweryfikowano model
numeryczny (MES) rozciaganej probki, wykorzystujac go do poréwnania z wynikami
eksperymentu i oceny zgodnosci przewidywan zachowania kompozytu [100,101].

Rezultaty: Dodatek piasku wyraznie zwigkszal sztywno$¢ kompozytu PMMA, przy
jednoczesnym spadku wytrzymalos$ci na rozcigganie. W przypadku mieszaniny referencyjnej
(0% piasku) modut Younga wynosit 2.805 GPa, natomiast mieszanin z piaskiem odpowiednio
5.86 GPa (20% piasku), 7.679 GPa (36%) i 10.814 GPa (52%). Jednocze$nie $rednie naprezenie
niszczgce spadato z 33.53 MPa (0% piasku) do 17.07-17.34 MPa (20-36%) oraz 15.70 MPa
(52%). Wspotczynnik Poissona obnizyt si¢ z 0.383 do okoto 0.263-0.253 wraz ze wzrostem
udziatu piasku (patrz Tabela 2). Z punktu widzenia przygotowania materiatu do utwierdzania
istotny byt kompromis ,,sztywnos$¢-urabialno$¢”: wraz ze wzrostem zawarto$ci piasku malata
srednica rozptywu mieszanki o0 ok. 1% (dla 20% zawarto$ci piasku) oraz 9% (dla 36% i 52%)
wzgledem mieszanki bez piasku (patrz Rys. 6). Wydtuzat si¢ tez czas wigzania: z ok. 6 min
57 s (0% piasku) do 9 min 36 s (52% piasku).

Whnioski: Praca wskazuje, ze modyfikacia PMMA wypeliaczem piaskowym stanowi
uzyteczne rozwigzanie W konteksécie utwierdzania probek biologicznych. Do dalszych badan
przyjeto mieszankg 0 zawarto$ci piasku ~ 52%, poniewaz zapewniata korzystny kompromis
pomiedzy wlasciwo$ciami mechanicznymi a urabialnoscig. Mieszanka ta zachowywata
konsystencj¢ odpowiednig do zalewania probek o ztozonej geometrii, takich jak ,,zbrojone”
segmenty BLB, a jednoczes$nie pozwalata ograniczy¢ koszty prowadzenia eksperymentow.
Otrzymane wyniki wskazuja, ze dodatek piasku poprawia wybrane cechy materiatu
mocujacego bez istotnego pogorszenia jego przydatnosci technologicznej. Otrzymane wnioski
wspieraja dobor materialu mocujacego jako elementu protokolu eksperymentalnego
w badaniach tkanek migkkich.
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Rys. 4 Widok testowanych wariantéw probek: 12 prébek w 4 proporcjach mieszaniny

Zrédlo: Publikacja III, opracowanie wlasne

Zrédlo: Publikacja IIT

Rys. 5 Uktad testowy: (A) maszyna wytrzymato$ciowa, (B) ekstensometry optyczne

Tabela 2 Wtasciwosci mechaniczne kompozytu PMMA z r6zng zawartoscig piasku

Mixture Averaged failure Averaged failure Averaged Young Averaged
ID strain£SD [-] stresstSD [MPa] modulus+SD [GPa] Poisson’sratio+SD [-]
M1 0.0135+0.0011 33.5309+2.2293 2.805+0.0799 0.3831+0.0066
M2 0.0043+0.0007 17.072+0.5291 5.86+0.3096 0.2627+0.0285
M3 0.003+0.0008 17.3402+1.651 7.6794+0.2226 0.262+0.0287
M4 0.0019+0.0005 15.6976+0.9381 10.8139+0.9554 0.2528+0.0198

M4 THEE

Rys. 6 Rozptyw mieszaniny, po zastygnigciu

Zrédlo: Publikacja III, opracowanie wtasne

Szczegodtowy opis autorskiego wktadu w cykl publikacji zamieszczam w rozdziale 4.




Publikacja 1V: Experimental evaluation and constitutive modelling of cervical spine
ligaments under low and high strain rates” (2025)

Wstep: Publikacja dotyczy wybranych wigzadet odcinka szyjnego kregostupa cztowieka
badanych w prébie jednoosiowego rozciggania przy niskiej (0.5 s™') i wysokiej (50 s™)
predkosci  odksztalcenia. Praca 1aczy cze$¢ eksperymentalng z  modelowaniem
konstytutywnym, tak aby uzyskane krzywe mogly zosta¢ wykorzystane jako dane wejSciowe
do modeli numerycznych uwzgledniajacych zaleznos¢ od predkosci odksztalcenia. Istotnym
elementem jest poréwnanie odpowiedzi mechanicznej tych samych typow wigzadet w dwdch
wariantach predkosci obcigzenia oraz wskazanie, ktore parametry sg wrazliwe na predkosé
deformacji [46,47,78,102,103].

Metodologia: Obiektem badan byly wigzadta ALL, PLL, LF i CL pozyskane z siedmiu
odcinkdéw szyjnych ludzkiego kregostupa [70,104]. Czg¢s¢ eksperymentalna obejmowala
jednoosiowe rozcigganie W warunkach in vitro w dwoch wariantach predkosci odksztatcenia
0.5 s' i 50 s™'. Probki przygotowywano w konfiguracji BLB. Do mocowania w maszynie
wytrzymato$ciowej stosowano utwierdzanie w mieszance zywicy PMMA z piaskiem
oraz dodatkowe ,,zbrojenie” komplekséw BLB (patrz Rys. 7), aby wyeliminowaé poslizg
I niepozadane schematy zniszczenia (migdzy innymi pgkanie kosci lub odspojenie przyczepu
zamiast zerwania wigzadta) [55,105,106]. Podczas testow rejestrowano site i przemieszczenie,
a nastgpnie wyznaczano krzywe naprezenie-odksztatcenie oraz parametry charakterystyczne
(m.in. modut sprezystosci, sztywno$¢, naprezenie i odksztalcenie niszczace) [69,70,78].
W czgsci modelowej dopasowano poprzecznie izotropowe prawo lepko-hipersprezyste.
Parametry identyfikowano dwuetapowo: czg¢$¢ hipersprezysta (Cio, C2, C3) wyznaczano z prob
quasi-statycznych (przy predkosci 0.5 s'), a parametry lepkoSciowe (11, #2) z prob
dynamicznych (50 s™') [32,34,107,108].

Rezultaty: Po wprowadzeniu wzmocnien i modyfikacji procedury eksperymentalnej nie
obserwowano przedwczesnego poslizgu wigzadta w mocowaniu, a zniszczenie nastgpowato
wylacznie w przestrzeni pomiarowej. Wykazano istotng wrazliwos¢ na predkos¢ odksztatcenia
dlaPLL, LF i CL: przy predkosci 50 s™! obserwowano statystycznie istotne wzrosty sztywnosci
I modutu sprezystosci. Dla PLL sztywnos$¢ wzrosta 0 37.03%, a modut spregzystosci 0 85.68%);
dla LF odpowiednio 0 78.35% i 75.13%; dla CL 0 48.15% i 49.58%. Wzrost sily zniszczenia
przy wysokiej predkosci odksztatcenia obserwowano wytacznie dla PLL i LF. Najsilniejszy
efekt dotyczyt sity niszczacej PLL (ok. 64%). W przypadku ALL nie uzyskano analogicznego
wzrostu, tj. odnotowano ok. 19% spadek sztywnosci przy predkosci 50 s (przy jednoczes$nie
niewielkiej, ~4% zmianie modutu sprezystosci), a efekt ten nie byt istotny statystycznie (patrz
Tabela 31 Tabela 4). Model lepko-hipersprezysty dobrze odtwarzat krzywe eksperymentalne.
Dla dopasowan statycznych otrzymano R? > 0.98, a dla dynamicznych R?> 0.96 oraz niskie
btedy (NRMSE i NMAE rzedu 0.02-0.04).

Whnioski: Badania potwierdzajg, ze dla badanych wiezadet uwzglednienie zaleznosci od
predkosci odksztalcenia jest istotne dla mechanicznego opisu tkanki, a ,,quasi-statyczne”
modele materialu moga by¢ niewystarczajace do prawidtowego symulowania ich odpowiedzi
mechanicznej. Zaproponowane prawo lepko-hipersprezyste z dwuetapowa identyfikacja
parametrow zapewnia spdjny opis odpowiedzi mechanicznej w obu rezimach predkosci
odksztalcenia.
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Rys. 7 Przyktad ,,zbrojenia” BLB: (A) ALL, (B) PLL, (C) LF, (D) CL

Zrédlo: Publikacja IV, opracowanie wlasne

Tabela 3 Wartosci punktow charakterystycznych krzywych sita-wydhuzenie

. Strain I transition point 11 transition point
Lig. F#, N
Rate d, mm F,N d, mm F, N
ALL Low 0.86 £0.54 41.4+33.28 | 2.23+0.66 | 170.15+49.67 | 212.26+71.90
ALL High 0.94+£0.42 | 45.28+25.79 | 1.63+0.56 | 103.16 £46.55 | 174.69+69.11
PLL Low 0.95+0.84 36.42 £26.24 2.16 £0.95 138.87 £ 68.26 151.29 +65.68
PLL High 1.28+£0.6 65.56 £41.77 2.03+£0.6 146.44 +55.13 | 247.89+130.23
LF Low 1.63+0.85 38.41+19.18 2.7+0.82 101.84 £27.57 135.27 £54.23
LF High 0.52+0.24 25.71+14.42 1.21+£0.3 107.83 £45.53 163.42+50.11
CL Low 0.75+0.69 16.35+6.62 2.23+1.08 90.4 +40.54 130.44 +52.38
CL High 0.75+£0.25 27.21+8.78 1.43+£0.44 79.32+£29.9 118.6+45.05

Tabela 4 Parametry geometryczne i mechaniczne wiezadet odcinka szyjnego kregostupa

Lig. | StrainRate | Area, mm? | Length, mm | Stiffness, N/mm E, MPa P11t MPa
ALL Low 12.8£2.3 6.4+1.9 106.36 £22.05 52.48 +14.24 16.37 £3.52
ALL High 13.7+£23 7.8+1.1 85.65+28.84 50.39 +£22.39 12.86 +4.66
PLL Low 13.9+£2.7 6.4+1.5 85.06 +£20.57 39.21+£10.34 11.43 £5.52
PLL High 143+23 8.8+1.6 116.56 +31.88 72.81+£25.17 | 18.37+11.32
LF Low 49.9+8.7 99+1.6 65.96£30.33 13.1£5.67 2.71+£1.03
LF High 46.0£6.9 89+19 117.64+31.36 22.95+7.25 3.58+1
CL Low 456+ 84 6.9+0.9 55.58+22.05 8.59+3.6 2.85+0.88
CL High 473+9.8 73+1.1 82.34+30.49 12.86+5.02 2.61+£1.21

Szczegbtowy opis autorskiego wktadu w cykl publikacji zamieszczam w rozdziale 4.
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Publikacja V: Exploring the mechanical behavior of the spinal dura mater: experimental
insights and measurement dilemmas (2026)

Wstep: Praca dotyczy badan opony twardej kregostupa. Glownym problemem w badaniach
tkanek migkkich jest duza wrazliwo$¢ wynikow na sposob przygotowania probki i na metodyke
pomiaru odksztalcenia [109,110]. Publikacja koncentruje si¢ nie tylko na parametrach
mechanicznych opony twardej, ale rowniez na ,,dylematach pomiarowych”, rozumianych jako:
wptyw doboru metody wyznaczania odksztatcenia, istotnosci prekondycjonowania oraz
potencjalnym wptywie cech demograficznych i antropometrycznych dawcy [52,111].
Metodologia: Material badawczy pozyskano po$miertnie od 7 dawcoéw. Lacznie 108 probek
opony twardej przygotowano w dwoch orientacjach: wzdtuz kregostupa i obwodowej, tj.
poprzecznie do kregostupa [75,77]. Probki podzielono na trzy grupy badawcze: (G1) probki
pokryte farbg konieczng do zalozenia ekstensometrow optycznych (DIC) [49,112] i nie
prekondycjonowane, (G2) bez pokrycia farbg, lecz z prekondycjonowaniem, (G3) probki
niemalowane i bez prekondycjonowania. Dla standaryzacji geometrii uzyto adaptera
drukowanego 3D (patrz Rys. 8) [110,113]. Proby jednoosiowego rozciggania wykonano przy
predkosci przesuwu 5 mm/min (odpowiadajacej ~0.0042 s™'). Odksztalcenie wyznaczano
dwiema metodami: lokalnie w obszarze pomiarowym (DIC) oraz posrednio z przemieszczenia
trawersy maszyny wytrzymatosciowej [114-116]. Oprocz krzywych naprezenie-rozciaggnigcie
analizowano wplyw procedur na modut sprgzystosci oraz zmiany poprzeczne, wykorzystujac
tzw. ,,apparent Poisson function” wg. Hencky’ego [53,79,81].

Rezultaty: Wykazano, ze przeprowadzanie prekondycjonowania nie ma istotnego znaczenia
na wyniki badan mechanicznych opony twardej. Zastosowanie farby zwigksza sztywnos¢
probek, co wykazano, poréwnujac $redni modul sprezystosci wyznaczony na podstawie
rezultatdbw z przemieszczenia trawersy. Dla probek malowanych wynosit ~204 MPa, a dla
niemalowanych ~159 MPa. Nie wykazano istotnego wplywu farby na naprezenie
i odksztatcenie przy zniszczeniu. Jednocze$nie porownanie metody pomiaru odksztatcenia
pokazato, ze lokalny pomiar odksztatcenia (DIC) prowadzi do wyzszych warto$ci modutu
sprezystosci niz pomiar na podstawie przemieszczenia trawersy (patrz Rys. 9). Zaproponowano
procedure ujednolicajacg rezultaty i po korekcji efektow metody pomiaru i sztywnosci
wprowadzonej przez powloke farby otrzymano $rednie moduly sprezystosci: ~283 MPa
w kierunku podluznym oraz okoto ~16 MPa w kierunku poprzecznym. Dla obu orientacji
uzyskano zblizone rozciaggnigcie przy zniszczeniu rzedu ~1.10-1.12 (patrz Rys. 10). Analiza
zmian poprzecznych wykazata wysokie wartosci apparent Poisson function: ~3.30 dla kierunku
podluznego oraz ~4.29 dla Kkierunku poprzecznego, co sugeruje istotne zmiany
objetosciowe/strukturalne i podwaza proste zatozenie quasi-niescisliwosci w tej tkance.
Whnioski: Publikacja dostarcza uporzagdkowanego obrazu mechaniki opony twardej kregostupa,
jednoczes$nie pokazujac, ze uzyskiwane parametry sg silnie zalezne od metodyki pomiaru
I przygotowania probki. Kluczowe wnioski obejmuja: (1) koniecznos$¢ rozdzielenia efektow
»proceduralnych” od wtasciwosci tkanki, (2) bardzo silng anizotropi¢ tkanki (rzedu
kilkunastokrotnej roznicy modulu miedzy kierunkami), oraz (3) wskazanie, ze analiza
kontrakcji poprzecznej moze ujawnia¢ zachowania niezgodne z klasycznym przyblizeniem
niescisliwosci. Praca akcentuje potrzebe standaryzacji protokotow i normalizacji danych, jesli
wyniki maja shuzy¢ dalszej identyfikacji modeli materialowych i poréwnaniom migdzy
badaniami.
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Rys. 8 Probka opony twardej: (A) zamontowana w maszynie wytrzymatosciowej i (B) z wirtualnymi
tensometrami optycznymi

Zrodlo: Publikacja V, opracowanie wlasne

A) Elastic Modulus: Crosshead vs. DIC B) Failure Stretch: Crosshead vs. DIC
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Rys. 9 Wptyw metody pomiaru odksztatcen na (A) modut sprezystosci i (B) wydtuzenie przy
zniszczeniu w probkach podtuznych G1

Zrodto: Publikacja V, opracowanie wlasne
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Rys. 10 Skorygowane wtasciwosci mechaniczne opony twardej wedtug orientacji probki:
(A) odksztalcenia niszczace, (B) naprezenie niszczace i (C) modut sprezystosci
Zrédlo: Publikacja V, opracowanie wlasne

Szczegdtowy opis autorskiego wktadu w cykl publikacji zamieszczam w rozdziale 4.
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4. Struktura cyklu publikacji
4.1 Opis wkladu autorskiego oraz znaczenie w rozprawie
4.1.1 Publikacje

Publikacja | stanowita dla mnie praktyczne wejscie W obszar bezpieczenstwa ruchu
drogowego, walidacji modeli numerycznych oraz analizy danych z testow zderzeniowych.
Moj wktad obejmowat analiz¢ i opracowanie surowych danych eksperymentalnych
oraz numerycznych. Przygotowalem wyniki do interpretacji, zinterpretowalem je
i sformutowatem wnioski. Opracowalem manuskrypt do opublikowania. Praca ta,
jednoznacznie ujawnita niewystarczalno$¢ oceny bezpieczenstwa opartej wylgcznie na
wskaznikach normowych, takich jak ASI, THIV i PHD [83]. Parametry te sg wyznaczane na
podstawie sygnatéw z akcelerometrow rejestrowanych w pojezdzie i nie opisujg bezposrednio
biomechanicznej odpowiedzi cztowieka [117,118]. Uzyskane wyniki pokazaly, ze spetnienie
kryteriow normowych nie musi oznacza¢ rzeczywistego bezpieczenstwa zderzenia. W tym
sensie publikacja ta stanowila naturalny punkt wyjscia do dalszych badan z wykorzystaniem
modeli HBM, takich jak THUMS lub VIVA+, oraz do rozwiniecia analiz ukierunkowanych na
oceng urazowosci tkanek miekkich.

Publikacja Il stanowita zasadniczy etap realizacji gldwnego nurtu rozprawy,
ukierunkowanego na eksperymentalne wyznaczanie wlasciwosci mechanicznych tkanek
migkkich kregostupa oraz budowe bazy danych wejsciowych do modeli HBM. M¢j wkiad w te
prace obejmowal opracowanie i zaplanowanie metodologii badan, wspotudziat w realizacji
eksperymentdw zgodnie z przyjetym protokotem, wspottworzenie autorskiego stanowiska
badawczego wykorzystywanego w testach (Pat.248467) oraz systemu mocowania prébek
z wykorzystaniem technologii druku 3D. Przetworzytem surowe dane eksperymentalne
| przeprowadzitem  analize¢  rezultatow. Przygotowalem  krzywe  sita-wydtuzenie,
przeprowadzitem ich usrednianie wedtug autorskiej procedury (patrz podrozdziat suplementu
S 1.4) opartej na punktach przejscia migdzy regionami charakterystycznymi oraz opracowatem
wyniki do dalszej analizy. Wspottworzylem rowniez manuskrypt i materiaty graficzne do
publikacji. Praca dostarczyla uporzadkowanych danych eksperymentalnych dla wig¢zadet
odcinka piersiowego kregostupa modelu czltowieka w warunkach quasi-statycznych
oraz przetestowana, odtwarzalng procedurg¢ badawczg obejmujacej preparatyke, mocowanie
probek, kontrolg warunkow srodowiskowych i przetwarzanie wynikow okreslong jako protokot
roboczy Cl1r.

Publikacja 11l stanowi element rozwoju protokotu badawczego opracowywanego
W ramach rozprawy, odnoszacy si¢ bezposrednio do procesu mocowania i utwierdzania probek
biologicznych. Jej punktem wyj$cia byla zidentyfikowana przeze mnie potrzeba zmniejszenia
kosztu przygotowania probek oraz poprawy samego procesu zalewania, tak aby mieszanina
mocujaca lepiej stabilizowata probke W pozadanym potozeniu podczas przygotowania do
badan. Zastosowanie piasku jako wypelniacza okazalo si¢ pod tym wzgledem rozwigzaniem
praktycznym, poniewaz m.in. zwigkszato gesto$¢ mieszaniny, utatwiajgc utrzymanie probki
w odpowiednim ustawieniu. Konieczne bylo jednak sprawdzenie, czy taka modyfikacja nie
pogarsza wiasciwo$ci mechanicznych materialu stosowanego do mocowania, dlatego
przeprowadzono pelne badanie eksperymentalne wuzupetnione analiza poréwnawcza.
Moj wktad w t¢ pracg obejmowal opracowanie metodologii badan i zaplanowanie
eksperymentu, wspotudziat w jego realizacji, przetworzenie i analiz¢ danych
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cksperymentalnych, sformutowanie oraz opisanie wnioskow, a takze wspottworzenie
manuskryptu i materialu graficznego do publikacji. Publikacja dostarczyla podstaw do
swiadomej modyfikacji materiatu stosowanego W procesie utwierdzania probek, wykazujac, ze
dodatek piasku istotnie zwigksza sztywno$¢ kompozytu PMMA, przy zachowaniu wlasciwosci
wystarczajacych do zastosowan biomechanicznych, a jednocze$nie poprawia jego uzytecznosé
technologiczng i obniza koszt przygotowania probek. W tym sensie publikacja ta stanowita
bezposredni krok w  doskonaleniu  eksperymentalnego protokotu  badawczego,
wykorzystywanego nast¢gpnie W badaniach wigzadel. Protokét roboczy Clr zostat
zaktualizowany.

Publikacja IV  stanowi kluczowy etap domykajacy rozwoj protokotu
eksperymentalnego budowanego w ramach rozprawy oraz przechodzacy od quasi-statycznego
opisu odpowiedzi wigzadet do pelniejszej charakterystyki ich zachowania w warunkach
istotnych z punktu widzenia urazowosci. Mo6j wktad w te pracg obejmowat planowanie badan
oraz opracowanie metodologii eksperymentu, wspotudziat w realizacji testow. Przetworzytem
i zinterpretowalem surowe dane eksperymentalne. Przeprowadzitem studium geometrii
wiezadel, analiz¢ statystyczna, wyznaczylem oraz usrednitem krzywe odpowiedzi
mechanicznej, a takze uczestniczytem we wspottworzeniu manuskryptu i materiatu graficznego
do publikacji. W czesci dotyczacej numerycznego dopasowania krzywych i identyfikacji
parametrow prawa materialowego moj udzial mial charakter koncepcyjno-konsultacyjny:
uczestniczytem W opracowaniu zalozefn procedury dopasowania oraz interpretacji wynikow
w odniesieniu do danych eksperymentalnych i wczesniejszych doswiadczen z analizg
i przetwarzaniem krzywych odpowiedzi mechanicznej. Publikacja stanowi zwienczenie
rozwoju procedury badawczej (C1) i dostarcza danych biomechanicznych wigzadet odcinka
szyjnego kreggostupa ludzkiego W ujeciu naprezenie-odksztatcenie, Z uwzglednieniem wptywu
predkosci odksztatcenia (C2). Praca ta pokazuje, ze opracowany i dopracowany wczesniej
protokdt moze by¢ wykorzystany do pozyskania danych bezposrednio przydatnych do opisu
konstytutywnego oraz dalszego rozwoju modeli HBM.

Publikacja V stanowi domknigcie eksperymentalnej czeSci cyklu i przenosi
wypracowany protokot badawczy na opong twardg rdzenia kregowego. M6j wkiad obejmowat
planowanie badan, opracowanie metodologii eksperymentu, wspotudziat w realizacji testow,
przetwarzanie i analize surowych danych eksperymentalnych, przeprowadzenie analizy
statystycznej, a takze wspottworzenie manuskryptu i materiatu graficznego do publikacji. Praca
ta kompleksowo porzadkuje metodyke badan opony twardej, obejmujac przygotowanie probek,
standaryzacj¢ geometrii, Sposob mocowania 0raz analiz¢ wpltywu metody pomiaru
odksztalcenia na wyznaczane parametry mechaniczne. W badaniach wykorzystano autorski
adapter do formowania i mocowania probek mojego projektu (W.132878). Publikacja dostarcza
kompleksowych danych biomechanicznych dla opony twardej kregostupa (C2)
oraz dopracowuje protokot badawczy (C1) w obszarze pomiaru odksztalcenia i przetwarzania
danych. W tym sensie publikacja V stanowi zwienczenie rozwoju metodyki.

Publikacja VI stanowi bezposrednie rozwinigcie publikacji II 1 nadaje uzyskanym
wczesniej wynikom posta¢ prawa materialowego. M¢j wklad obejmowat studium geometrii
probek, przeprowadzenie transformacji krzywych sita-przemieszczenie do relacji naprezenie-
odksztalcenie, wspottworzenie warstwy graficznej oraz udziat w opracowaniu manuskryptu.
Moja rola w tej pracy polegata na doprowadzeniu danych eksperymentalnych wigzadet odcinka

18



piersiowego do formy bezposrednio przydatnej w modelowaniu konstytutywnym. Realizuje to
zatozenia celu C2, a proces wykorzystywat efekty celu C1.

Publikacja VIl jest dopelnieniem badan nad opong twarda rdzenia kregowego,
uzupetniajac je 0 okreslenie wplywu szybkosci odksztalcenia oraz budowe prawa
konstytutywnego. Moj wklad obejmowat opracowanie planu badan eksperymentalnych,
wspoétudziat w realizacji testow oraz wykorzystanie autorskiej infrastruktury badawczej,
obejmujgcej adapter do mocowania probek oraz stanowisko badawcze powigzane ze wzorem
uzytkowym (W.132878) i patentem (Pat.248467). Praca domyka lini¢ badan poswigcong
oponiec twardej, prowadzac od protokotu eksperymentalnego do matematycznego oOpisu
odpowiedzi mechanicznej tkanki w warunkach istotnych z punktu widzenia biomechaniki
urazu.

Tabela 5 Przyporzadkowanie publikacji do diagramu

Rola publikacji w rozprawie

Kod Publikacja Rok | Autor Méj wklad doktorskiej

Wdrozenie praktyczne w proces
walidacji, analiz¢ danych
i modelowanie numeryczne.
Wprowadzenie w tematyke
bezpieczenstwa ruchu

Opracowanie manuskryptu.
Al Publikacja | 2022 1. Przygotowanie, obrébka
i analiza danych.

drogowego.
Metodologia. S
. Rozwinigcie procedury
Przeprowadzenie eksperymentalnej i dostarczenie
A2 Publikacja I 2024 1. _ eksp_erymentow. Obrobka_l danych biomechanicznych
i analiza danych. Tworzenie oo J.
W konwencji sita-wydhluzenie.
manuskryptu.
Sformutowanie hipotezy.
A3 Publikacja 111 2025 1 Przeprovv_adzenle testow. Rozwdj i walidacja elementu
Analiza danych. protokotu eksperymentalnego.
Opracowanie manuskryptu.
Metodologia. Rozwmlch_p_rocedury )
. eksperymentalnej i dostarczenie
Przeprowadzenie danych biomechanicznych
A4 Publikacja IV | 2025 1. eksperymentow. Obrébka Y . 2ny
. . - W konwencji naprezenie-
i analiza danych. Tworzenie . .
manuskryptu odksztalcenie z uyvzgl@dmemem
' wptywu predkosei odksztalcenia.
Metodologia. Rozwinigcie procedury
Przeprowadzenie eksperymentalnej i dostarczenie
- eksperymentéw. Obrébka kompletnych danych
AS Publikacja V 2026 1 i analiza danych. biomechanicznych dla opony
Obliczenia. Tworzenie twardej. Analiza wptywu metody
manuskryptu. pomiaru odksztatcenia.
Wyznaczenie geometrii
wigzadet. Obliczenia. Bezposrednia kontynuacja A2.
Obrobka i analiza danych. Rozwinigcie tematyki
A6 Publikacja VI | 2025 2. Dostosowanie danych na biomechaniki wigzadet odcinka
potrzeby modelowania. piersiowego w kierunku prawa
Wspottworzenie materialowego.
manuskryptu.
esdooga, | o7 e ooy
A7 | Publikacja VIl | 2025 | 2. Przeprowadzenie J Xregosiupa O CTt
A predkosci odksztatcenia
eksperymentow.

i modelowanie numeryczne.
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Tabela 5 zawiera zestawienie publikacji wchodzacych w sktad cyklu oraz publikacji
powiazanych, wraz z przypisanymi kodami zgodnymi ze schematem przedstawionym
w kolejnym podrozdziale (patrz Rys. 11). Dla kazdej pracy podano rok publikacji,
informacj¢ 0 roli autora (1. - wiodacy, badz 2. - wspotautor), syntetyczny opis wktadu autora
oraz przedstawienie roli publikacji w niniejszej rozprawie.

4.1.2 Wzory uzytkowe i zgloszenia patentowe, udzielone patenty

Patent Pat.248467 dotyczy stanowiska badawczego szerzej opisanego w rozdziale 5.1.
Stanowisko wykorzystywane byto w badaniach opisanych w Publikacji Il, IV oraz VII.
Moj wktad polegat na zaprojektowaniu maszyny zgodnie z zadang koncepcja. Nastepnie
zbudowalem jg i iteracyjnie testowatem, wprowadzajgc poprawki, az do uzyskania pozadanych
rezultatow.

Zgloszenie wzoru uzytkowego W.132878 dotyczy adapterow do formowania
i mocowania probek opony twardej. Warianty tego rozwigzania wykorzystane byly
w badaniach opisanych w Publikacji V oraz VII. M¢6j wktad polegal na wspottworzeniu
koncepcji adaptera, zaprojektowaniu go i iteracyjnym dopracowaniu w trakcie testow na
probkach odzwierzgcych.

Zgloszenia patentowe P.444805 oraz P.443947 dotycza urzadzen do zginania
(zginanie boczne, wyprost, zgigcie, patrz podrozdziat suplementu S 1.2.1) oraz do obrotu
osiowego (rotacja, patrz podrozdzial suplementu S 1.2.1) odcinka szyjnego krggostupa.
Badanie to, nazywane badaniem ruchomosci (ang. Range of motion - ROM), kluczowe bedzie
W procesie walidacji zaimplementowanych praw materialowych w pelnym HBM. Badania
eksperymentalne ROM zostaly rozpoczete. M9j wktad polegat na zaprojektowaniu maszyn
zgodnie z zadang koncepcja. Nastepnie zbudowalem je i iteracyjnie testowatem, wprowadzajac
poprawki, az do uzyskania pozadanych rezultatow.
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4.2 Struktura postepow W ujeciu chronologicznym

Diagram Rys. 11 pokazuje struktur¢ postepéw mojej pracy W ukladzie
chronologicznym. Wyr6zni¢ mogg trzy gtéwne fazy pracy (F1-F3); odpowiadajace im zadania
I procesy (Z1-Z5); dwa cele nadrzgdne (C1 i C2) oraz towarzyszace im rezultaty: publikacje
(Al1-AT), konferencje (K) i zgloszenia patentowe/ zgltoszenia wzorow uzytkowych (P).

Legenda: @

F1 - F3: Fazy glowne
F1-M 1 F1-P: Podfazy
Z1 - Z5: Zadania / procesy
Al - A7: Publikacja naukowa
K: Konferencje naukowe

P: Zgloszenia patentowe
C11C2: Cele gléwne
C2r: Roboczy protokot

A
/@\ -

® @

Rys. 11 Diagram przedstawiajacy strukture i przebieg pracy

Zrodto: Opracowanie wiasne

Cele gtéwne badan w rozprawie doktorskiej zdefiniowatem jako: C1 - sformutowanie
protokotu eksperymentalnego, oraz C2 - pozyskanie danych materiatowych tkanek migkkich
kregostupa. Realizacja celow przebiega w trzech fazach: F1 - faza przygotowania, F2 - faza
nauki (iteracyjna optymalizacja) i F3 - faza realizacji celow.

W fazie przygotowan (F1) wyréznitem dwa etapy: praktyczny (F1-P)
oraz merytoryczny (F1-M). W etapie praktycznym realizowatem zadania Z1-Z2, w tym Z1
obejmowato budowe i rozwdj elementdw infrastruktury badawczej (stanowisko, mocowania
itp.), a jego bezposrednim rezultatem byly zgloszenia i rozwigzania patentowe (P). Natomiast
zadanie Z2 dotyczytlo planowania prac badawczych i organizacji wstepnej S$ciezki
eksperymentalnej. Efektem dodatkowym zrealizowania tych aktywnosci byta prezentacja stanu
prac na konferencji (K) oraz zainicjowanie roboczego sformutowania procedury badawczej
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okreslonej jako roboczy protokot (Clr). W etapie merytorycznym (F1-M) zrealizowano zadania
Z3 1 ZA. Zadanie Z3 obejmowato przeglad literatury i identyfikacj¢ luk danych
oraz rozbiezno$ci metodologicznych. Natomiast zadanie Z4 dotyczyto wdrozenia w obszar
modelowania MES, walidacji oraz analizy wynikéw w kontekscie bezpieczenstwa ruchu
drogowego; bezposrednim rezultatem zadania Z4 byta publikacja artykutlu (A1).

Faza druga (F2) stanowi etap ,,nauki cyklicznej” rozumianej jako iteracyjny rozwoj
metodologii badan. Jej rdzeniem jest sprzezenie zwrotne pomigdzy prowadzeniem
eksperymentéw biomechanicznych na prébkach odzwierzgcych (Z5) a rozwijaniem protokotu
roboczego (Clr). Petla Z5 < Clr odzwierciedla powtarzalny cykl: wykonanie prob na
probkach odzwierzgcych; analiza probleméw metodycznych (mocowanie, pomiar, obrobka
danych); korekta procedury i ponowne jej testowanie. W tej fazie wyr6zniaja si¢ dwie kluczowe
aktualizacje protokotu:

o W trakcie realizacji Z5 zidentyfikowalem potrzeb¢ modyfikacji materialu do procesu
mocowania probek. Zaproponowang modyfikacje przetestowalem, a rezultaty opisano
w publikacji (A3). Modyfikacja ta wraca do Clr jako konkretne ulepszenie procesu
przygotowania probek.

. Rozwinigty etap Clr wdrozono W badania biomechaniczne wig¢zadel odcinka
piersiowego kregostupa ludzkiego a efektem tego jest publikacja (A2), ktora czg¢sciowo
realizuje C2 poprzez dostarczenie danych eksperymentalnych w postaci krzywych
sita-przemieszczenie.

Schemat pokazuje tez logiczng kontynuacje A2 w postaci A6, gdzie zebrane dane
zostaja rozwinigte do postaci wilasciwej dla modelowania materialowego (m.in. krzywe
napr¢zenie odksztatcenie), co domyka te $ciezke w kierunku spetnienia celu C1.

Po ustaleniu roboczego protokotu (Clr) nastapito przejscie do fazy trzeciej (F3), czyli
realizacji celéw rozprawy. W tej fazie C1 oznacza docelowy protokot eksperymentalny,
natomiast C2 - pozyskane dane materialowe dla tkanek bedacych przedmiotem rozprawy.
Z celu C1 wynikajg badania i publikacje realizowane juz przy procedurze uznanej za docelows.
Z celu C2 bezposrednio wynikaja dwie glowne publikacje dotyczace zagadnien
biomechanicznych: badania wigzadet odcinka szyjnego krggostupa (A4) i badana opony
twardej kregostupa (A5). Sciezka A5 posiada rozszerzenie W postaci artykutu A7, gdzie temat
zostaje rozwinigty 0 zaleznos¢ od predkosci odksztatcenia i modelowanie, a rownolegle etap
ten jest komunikowany w formie konferencji naukowej (K). Cel C1 - finalny protokot
eksperymentalny przyczynit si¢ do realizacji celu C2 w fazie F3 i stanowi integralng czgs¢
publikacji A4 i1 A5.
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5. Prace uzupeliajace poza cyklem publikacji
5.1 Stanowisko badawcze

Badania mechaniczne tkanek migkkich kregostupa wymagaty stanowiska, ktore przede
wszystkim umozliwia: stabilne mocowanie preparatow typu BLB W zywicy, prace
w warunkach $rodowiskowych zblizonych do in vivo (temperatura i wysoka wilgotnosc),
oraz wiarygodny pomiar przemieszczenia w warunkach matych sit i duzych odksztalcen
tkanek.

W cyklu publikacji wykorzystano maszyne komercyjna, gdy bylo to potrzebne
I mozliwe (Zwick Z10 - w badaniach opony twardej), lecz w wigkszosci przypadkow
wykorzystywano autorskg maszyn¢ wytrzymatosciowg (Pat.248467), ktorej budowe w dwdch
wariantach przedstawiono na Rys. 12 i opisano w publikacjach 11, IV i VII.

cz

Rys. 12 Maszyna wytrzymato$ciowa do badan (A) quasi-statycznych, (B) dynamicznych
Zrédlo: Dostosowane z Publikacja Il oraz Publikacja VI

W literaturze, w badaniach biomechanicznych czgste jest wyznaczanie odksztatcenia
z przemieszczenia belki obcigzajacej / trawersy (ang. crosshead). To podejscie moze prowadzié
do przeszacowania odksztalcenia, poniewaz na zarejestrowany 0dczyt przemieszczenia sktada
si¢ nie tylko deformacja probki, lecz takze niepozadane sktadowe wynikajace z zachowania
catego uktadu obcigzajgcego i montazowego. Problem ten dotyczy zarowno autorskich maszyn
wykonywanych pod konkretne potrzeby, ale réwniez profesjonalnych, komercyjnych maszyn
wytrzymato$ciowych (problem ten zostal poruszony w Publikacji V). W przypadku wiotkich
materialdow, w tym tkanek migkkich, alternatywa do okre$lania odksztatcenia na podstawie
przemieszczenia trawersy jest pomiar odksztalcenia za pomoca zewngtrznego urzadzenia
pomiarowego, np. cyfrowej korelacji obrazu (DIC). Jednocze$nie przejscie na metode DIC
w badaniach tkanek migkkich kregostupa czesto nie jest mozliwe. W praktyce ogranicza je
problem z dostgpem optycznym do wiasciwej czesci badanego materiatu. Wplywa na to
geometria samej probki, jak rowniez skondensowana para wodna W komorze srodowiskowe;.
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Duza odksztatcalno$¢ probek z tkanek migkkich uniemozliwia wykorzystanie tensometrow.
Uzycie zewnetrznych ekstensometrow mechanicznych, réwniez jest problematyczne z uwagi
na geometri¢, jak i1 warunki $rodowiskowe panujace w komorze. Ponadto, Kklasyczne
ekstensometry kontaktowe moga uszkodzi¢ delikatne Iub elastyczne probki i nie zaleca si¢ ich
stosowania do materiatéw takich jak tkanki migkkie. Zasadnym wigc jest wykorzystanie
przemieszczenia trawersy, jednak pomiar ten wymaga korekcji [30,45,49,52,114—
116,119,120].

5.1.1 Korekcja przemieszczenia ukladu w prébach quasi-statycznych

Aby ilo$ciowo oszacowac udzial przemieszczen, zaproponowatem podejscie polegajace
na zarejestrowaniu zaleznosci sita-przemieszczenie dla elementu, ktory w rozpatrywanym
zakresie obcigzen mozna traktowac jako praktycznie nieodksztatcalny (probka w postaci Sruby
stalowej M12, patrz Rys. 13A). Wszystkie pozostale elementy uktadu testowego pozostaty
takie same jak przy badaniu tkanek biologicznych. W ten sposob wyznaczytem funkcje
korekcyjna, ktoéra pozwala odwzorowac przemieszczenie uktadu na sit¢ jej odpowiadajaca
i odejmowac je od przebiegu zarejestrowanego W prébach na tkankach.

Rys. 13 Probka z (A) $ruby stalowej M 12, (B) pasa z wiokien polipropylenowych
Zrédlo: Fotografie wlasne

Poprawnos$¢ podejscia zweryfikowalem na probkach materialu technicznego
o nieliniowej odpowiedzi i podobnym zakresie odksztatcen probek z wigzadet (pas z wtokien
polipropylenowych, patrz Rys. 13B), poréwnujac krzywe uzyskane po korekcji z niezaleznym
pomiarem optycznym (DIC). Uzyskatem zgodno$¢ przebiegéw, co uzasadnia stosowanie
procedury jako praktycznego rozwigzania dla badan wigzadet. Procedurg t¢ zastosowatem
w publikacjach Il oraz IV. Na Rys. 14, poza samym pordéwnaniem krzywych
sita-przemieszczenie, przedstawiono réwniez analize reszt. W analizie przyjatem site jako
wielko$¢ odniesienia, poniewaz to jej pomiar pozostawal wspolny dla obu metod, natomiast
przedmiotem poroOwnania byly odpowiadajace jej wartoSci przemieszczenia. Reszte
zdefiniowano jako ro6znice miedzy przemieszczeniem wyznaczonym na podstawie
skorygowanego przemieszczenia trawersy a przemieszczeniem zmierzonym metoda DIC dla
tej samej wartosci sity. Przebieg reszt w funkcji sity pozwala oceni¢, czy rozbiezno$ci migdzy
metodami zmieniaja si¢ wraz Z obcigzeniem, natomiast histogram i dystrybuanta reszt pokazuja
rozktad tych réznic i ich rozrzut. Walidacje powtorzytem szesciokrotnie na roznych
fragmentach pasa polipropylenowego, za kazdym razem uzyskujac zgodno$¢ wynikow.
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Rys. 14 Poréwnanie danych odniesienia i danych testowych dla jednej z prob walidacyjnych

Zrodto: Opracowanie wiasne

5.1.2 Ujecie dynamiczne

Dla badan przy wysokich predkosciach obciazania (strain rate 25 - 50 s™) opracowatem
zmodyfikowang wersje autorskiej maszyny, ukierunkowang na uzyskanie stabilnej fazy
obcigzania przy docelowej predkosci odksztalcenia.

W pierwszej kolejnosci zidentyfikowalem zakres pracy modutu liniowego, w Ktorym
maszyna stabilizuje zadang predkos¢ przemieszczenia wspornika. W tym celu analizowatem
przebiegi predkosci w funkcji czasu (patrz Rys. 15A). Wymagana predko$¢ przemieszczenia
zalezy od dtugos$ci badanego obiektu oraz od docelowej predkosci odksztatcenia (maksymalnie
50 s, dlatego rozpatrzytem warianty odpowiadajace dtugosciom wszystkich planowanych
typow tkanek (opona twarda i wigzadta). W analizowanym zakresie wykazatem, ze maszyna
potrzebuje pokonaé¢ ~ 23 cm drogi do osiggniecia zadanej predkosci. Nastepnie utrzymuje jg na
odcinku ~ 7 cm, po czym wyhamowuje na drodze ~ 20 cm. Wykazatem, ze praca maszyny pod
obciazeniem nie wptywa na przytaczane zakresy pracy modutu liniowego. Na podstawie tych
rezultatow ustalitem dtugos$¢ prowadnicy i potozenie odbojnika (patrz Rys. 12B).

Kalibracja dynamicznej wersji autorskiego stanowiska badawczego dotyczyta
wyznaczenia krzywej korekcyjnej (opisanej w podrozdziale 5.1.1) dla zmodyfikowanego
uktadu i oceny jej powtarzalnosci. Wykorzystanie $ruby jako elementu nieodksztatcalnego nie
bylo mozliwe z uwagi na dynamiczny charakter obcigzenia (Stanowisko poddane
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nickontrolowanemu obcigzeniu udarowemu). Z tego wzgledu zastosowatem elektromagnes z
progiem odtaczenia przy sile ~1000N. Procedurg przeprowadzitem pigciokrotnie dla zadanych
predkosci obrotowych serwonapedu z zakresu od 1500 do 6000 obr./min w interwale co 1500
obr./min. 6000 obr./min odpowiada predkosci odksztatcenia 50 s najdtuzszej probki. Dla
kazdej zadanej predkosci uzyskiwalem grupe pigciu krzywych, na ktorej przeprowadzitem
regresj¢ wielomianowg W celu ograniczenia wplywu szumu wynikajacego z efektow
dynamicznych. Uzyskatem bardzo dobre dopasowanie, tj. wspotczynnik korelacji 0.992-0.995,
warto$¢ p = 0 oraz standardowy btad gradientu 0.002-0.003. Otrzymany wielomian przyjatem
jako krzywa korekcyjng dla danej predkosci przemieszczenia. Nastepnie, W celu dokonania
interpolacji  korekcji pomigdzy analizowanymi poziomami predkosci, dla czterech
wyznaczonych krzywych zbudowatem tréjwymiarowy model regresyjny (patrz Rys. 16).
Ostatecznie, podczas testu wtasciwego probki, dla kazdego odczytu sity i zadanej predkosci
obrotowej odejmowatem odpowiadajaca mu warto$¢ przemieszczenia uktadu wyznaczong na
podstawie tego modelu. Procedur¢ wykorzystano w publikacji IV oraz VII.
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Zrodto: Opracowanie wiasne
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Zrodto.: Opracowanie wiasne
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5.2 Pomiary geometrii

5.2.1 Problematyka

Wyznaczenie geometrii probki (w szczegdlno$ci grubosci i szerokosci) jest niezbedne
do przejscia od krzywych sita-wydluzenie do danych materialowych w postaci
naprezenie-odksztatcenie. W przypadku wigzadet jest to trudne, poniewaz przekrdj jest
nieregularny, tkanka ma ztozong mikrostrukture, a po preparatyce mogg pozostawac fragmenty
tkanek towarzyszacych. Utrudnia to jednoznaczne okreslenie przekroju poprzecznego,
»aktywnego” podczas obcigzania probki.

W literaturze spotyka si¢ kilka podej$¢. Cze$¢ autorow nie raportuje pola przekroju lub
ocenia grubo$¢ metodami uproszczonymi (np. suwmiarky) [30,45,47,48,69,106]. Wartg
odnotowania metodg jest takze ocena pola przekroju na podstawie ciecia zamrozonych probek
za pomoca kriomikrotomu i analiza mikroskopowa [70]. Metoda ta moze by¢ precyzyjna,
jednak jest niszczaca | wykonywana przed testem mechanicznym. W praktyce wyniki geometrii
uzyskane dla pewnego zbioru prébek sa nastepnie przenoszone na inne probki przeznaczone do
prob rozciggania. To sprzyja stosowaniu przyblizen typu length-to-area ratio [34,46,54], ktore
polega na doborze pola przekroju prébki proporcjonalnie do pomierzonej dtugosci wiezadta.
Metoda ta nie uwzgledniaja jednak réznic wynikajacych np. z degeneracji tkanek, elementow
do usunigcia (np. ossyfikacji) lub odmiennej preparatyki.

W publikacjach wchodzacych w sktad niniejszego cyklu, dtugos¢ [, i szerokos¢ wy
wyznaczano na podstawie zdje¢ z miarka referencyjng, poprzez analize obrazu w srodowisku
CAD (AutoCAD, Autodesk). Nastepnie pole przekroju poprzecznego A, estymowano metoda
posrednig opisang W literaturze, wykorzystujac length-to-area ratio [34,46,54], a grubosc

- AO
wyznaczano jako to = ==.
0

Rownolegle, bedac swiadomym ograniczen tego przyblizenia, zaproponowalem
| przetestowatem autorskg metode¢ estymacji grubosci w oparciu o prawo Archimedesa. Metoda
polegala na wyznaczeniu objetosci wycigtego wigzadlta (po zniszczeniu) metoda wyporu,
anastepnie na obliczeniu $redniej grubosci poprzez odniesienie tej objetosci do pola
powierzchni wyznaczonego w CAD.

5.2.2 Opis procedury

Do pomiaru potrzebna jest precyzyjna waga laboratoryjna (dokladno$¢ do 0.1 mg),
konstrukcja wysiegnika 0 znanej masie (drut stalowy @2mm), zlewka z ciecza 0 znanej gestosci
(woda 0 okreslonej temperaturze), cienkie zawiesie (ni¢ chirurgiczna 0.02 mm), oraz kosz
zanurzeniowy 0 znanej objetosci i masie (druk 3D). Schemat uktadu przedstawiono na Rys. 17.

Po te$cie wytrzymaloSciowym wigzadto odseparowywano od reszty probki,
umieszczano w koszu zanurzeniowym i wyznaczano mas¢ uktadu ztozonego z kosza i tkanki.
Nastegpnie kosz wraz z probkg zanurzano W cieczy za posrednictwem wysiegnika i zawiesia.
Kosz umozliwia utrzymanie fragmentéw wiezadla w jednym miejscu i gwarantuje peine
zanurzenie probki. Kluczowe jest, aby kosz nie dotykal $cian ani dna zlewki oraz aby nie
wprowadzi¢ pod powierzchni¢ cieczy pgcherzykow powietrza.

Waga rejestrowata zmiane cigzaru wiezadla, co interpretowane jest jako sita wyporu
(Fy). Objetos¢ wypartej cieczy (& wigc objetos¢ zanurzonego obiektu) obliczano ze wzoru:

Fy=p gV,
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gdzie E,, jest sitg wyporu, g przyspieszeniem ziemskim, p gesto$cig cieczy, a V objeto$cig ciata
W niej zanurzonego. Wptyw masy I objetosci kosza uwzgledniano przez kompensacj¢ (odjgcie
wktadu objetosciowego kosza), uzyskujac objetos¢ samego wiezadta. Objetos¢ zanurzonego
zawiesia pomijano. Pomiar powtarzano wielokrotnic (co najmniej pie¢ razy) w celu
ograniczenia wptywu btedu pomiarowego.

wysiegnik
waga precyzyjna z:

zawiesie
| LT

kosz zanurzeniowy

zlewka laboratoryjna

Rys. 17 Schemat stanowiska pomiaru objetosci probki

Zrodto: Opracowanie wiasne

5.2.3 Analiza poréwnawcza

Uzyskane wartosci p6l przekroju poréwnatem z wartosciami wyznaczanymi metodami
referencyjnymi i przedstawitem w Tabela 6. Metoda 1 to metoda wykorzystujaca
length-to-area ratio, metoda 2 to omawiana metoda z wykorzystaniem prawa Archimedesa,
a metoda 3 to pomiar z wykorzystaniem suwmiarki. W tabeli przedstawiono warto$ci $rednie
oraz * odchylenie standardowe.

Tabela 6 Zestawienie metod okreslania pola powierzchni przekroju A,

Wiezadlo Sekcja '\:::[rci?rizl I\:::[ror?rflﬁz I\;ll(()e’troriif
ALL Th2 - Th7 15.03 £ 0.80 20.40 + 3.87 21.02+9.21
Th7 - Th12 18.55 + 0.90 23.18 +10.80 21.39+10.20
Th2 - Th7 19.10 £ 0.69 18.99 £ 9.01 8.67 £ 6.33
PLL Th7 - Th12 21.77+£1.34 17.19+£7.10 13.03+5.74
ISL + SSL Th2 - Th7 14.67 £ 3.12 28.39£19.10 22.44 £10.14
Th7 - Th12 13.50 £ 3.47 39.53+23.33 21.29+8.34
Th2 - Th7 44,50 + 6.58 25.29 +13.13 12.66 * 6.32
L Th7 - Th12 4559 + 11.02 31.73+£12.80 13.53+12.21
Th2 - Th7 48.32 + 8.80 38.09+17.71 -
ct Th7 - Th12 51.12+09.18 46.33 + 14.60 -

Metoda oparta na prawie Archimedesa daje obiecujace wyniki dla czesci probek ALL,
PLL i CL, poniewaz znajdowata potwierdzenie W zblizonych rezultatach metod referencyjnych.
Dla LF i ISL + SSL okazywata si¢ niestabilna. Stosunkowo wysokie odchylenie standardowe
moze $wiadczy¢ zarowno 0 zréznicowaniu biologicznym wigzadel, ale rowniez 0 wadach
metody.
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5.2.4 Whnioski

Gloéwna przyczyng niepewnosci, jaka niesie za sobg wykorzystanie omawianej metody,
jest wrazliwo$¢ na btad operacyjny, tzn. wynik zalezy od tego, jak precyzyjnie wycigto
i zdefiniowano fragment ,,pracujacy”. Metoda jest tez czasochtonna i podatna na bledy
pomiarowe (np. pecherzyki powietrza, kontakt kosza ze $cianka, niepetne zanurzenie). Zaleta
metody jest mozliwos¢ zbadania geometrii indywidualnie dla konkretnego wigzadta po
zniszczeniu. Rezultatem jest usrednione pole powierzchni przekroju wigzadla w strefie
pracujacej co jest uzyteczne do modelowania numerycznego, gdzie nie réznicuje si¢ grubosci
W obrebie pojedynczego wigzadla.

Ze wzglgdu na duza niepewno$¢ pomiarowa reprezentowang przez odchylenie
standardowe postanowitem odstgpi¢ od przytaczanego podejscia W konteks$cie badania
wiezadel. Jednocze$nie metoda wypornosciowa moze by¢ bardziej perspektywiczna dla opony
twardej, gdzie zdecydowanie tatwiej zachowa¢ kontrolg nad ksztattem i zakresem wycinanego
materialu (patrz Publikacja V, Publikacja VII). W dalszych pracach warto ja rozwina¢ jako
narzedzie do estymacji grubosci opony twardej, wraz z procedurg weryfikacyjna opartg
o pomiar referencyjny (np. obrazowanie mikroskopowe przekrojow, lub skanowanie
trjwymiarowe).
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6. Podsumowanie i perspektywy dalszych badan
6.1 Podsumowanie

Celem rozprawy bylto opracowanie spojnej metodyki badan mechanicznych tkanek
miekkich kregostupa cztowieka in vitro oraz pozyskanie danych materiatowych dla wiezadet
kregostupa i opony twardej w formie uzytecznej do dalszej identyfikacji praw konstytutywnych
I zastosowan W modelowaniu numerycznym. Zrealizowane prace pozwolily osiggna¢ oba cele
I sformutowacé nastepujace wnioski ogdlne:

J W eksperymentalnej biomechanice tkanek migkkich roznice w przygotowaniu probek,
mocowaniu, metodzie pomiaru odksztatcenia i obrébce danych moga zmieniaé wyznaczane
parametry w stopniu poréwnywalnym z rozrzutem biologicznym. Dlatego protokét musi by¢
traktowany jako integralna czg¢$¢ procesu pozyskiwania danych.

o Mocowanie probek jest krytycznym elementem protokolu. Opracowane przeze mnie
rozwigzania przygotowania probek (zbrojenie, mocowanie W zywicy) ograniczaja poslizg,
wysuni¢cie z uchwytu oraz zapobiega niepozadanemu schematowi zniszczenia probki.
W konsekwencji zmniejsza si¢ ryzyko zdominowania rejestrowanej krzywej przez podatnosc¢
uktadu lub uszkodzenia zachodzace poza strefa pomiarowa badane;j tkanki.

. Rozwo6] materiatu do utwierdzania (PMMA z wypetniaczem w postaci piasku) jest
uzytecznym ulepszeniem protokotu. Zwigkszenie sztywno$ci materiatu mocujacego poprawia
stabilno$¢ mocowania W badaniach quasi-statycznych i dynamicznych. To rozwigzanie
Znaczaco zmniejsza tez koszty prowadzenia badan.

o Dane dla wigzadet piersiowych i szyjnych potwierdzaja nieliniowa odpowiedz
I wyrazne roznice migdzy strukturami. Opracowane przeze mnie krzywe oraz podejscie oparte
na regionach odpowiedzi i punktach charakterystycznych umozliwig poréwnywanie
oraz usrednianie krzywych sita-przemieszczenie / napr¢zenie-odksztatcenie. Proces ten
przygotowuje dane wejsciowe do dalszej identyfikacji w sposob jednolity i jednoznaczny.

J Wplyw predkosci odksztalcenia jest istotny i nie powinien by¢ pomijany
W zastosowaniach dynamicznych. Dla wybranych wigzadel szyjnych wykazano wyrazng
zalezno$¢ parametréw mechanicznych od szybkosci obcigzania, co uzasadnia stosowanie
opisow lepko-hipersprezystych w modelowaniu.

o Opona twarda wykazuje silng anizotropi¢ i wrazliwo$¢ metrologiczng. Wyniki zalezg
od kierunku obcigzenia oraz od tego, czy odksztalcenie wyznacza si¢ za pomocg DIC czy
przemieszczenia trawersy. W praktyce oznacza to konieczno$¢ jawnego raportowania metody
pomiaru i ostrozno$ci W porownywaniu danych miedzy laboratoriami.

. Publikacje powigzane (2. autor) rozszerzaja dwa kluczowe opracowania. Publikacja 11
zostala rozwinigta W strong prawa materiatowego W ramach Publikacji VI.
Publikacja VII za$ stanowi dopelnienie Publikacji V 0 zagadnienie m.in. wplywu predkosci
odksztatcenia W badaniach opony twardej. Potwierdza to uzyteczno$¢ przytaczanych prac
W zakresie opracowywania modeli materiatowych oraz dalszych badan biomechanicznych.
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6.2 Dalsze kierunki badan

Wiyniki rozprawy wskazuja kilka naturalnych kierunkdw dalszych prac:
o Rozszerzenie opisu reologicznego opony twardej: identyfikacja i modelowanie zjawisk
zaleznych od historii obcigzenia, w tym histerezy oraz efektu Mullinsa, jako elementu
wptywajacego na odpowiedz W cyklach obcigzenia. Migdzy innymi to zagadnienie bgdzie
realizowane w ramach projektu Preludium »Opona  twarda poddana

cyklicznym  obcigzeniom - opracowanie modelu reologicznego - DURA-FORM”
(UMO-2025/57/N/ST8/02862), ktorego jestem kierownikiem.
. Rozszerzenie zakresu badania wiezadel: rozpoczatem testy wiezadel odcinka

ledzwiowego, lecz prace wymagaja zwienczenia. Planuj¢ rowniez rozszerzenie zakresu
réwniez 0 wigzadta miedzypoprzeczne (ITL) oraz krazki miedzykregowe.

o Weryfikacja geometrii opony twardej z uzyciem prawa Archimedesa: planuje
rozwinigcie metody wyznaczania geometrii 0raz opracowanie procedury walidacyjnej.
Walidacja moze obejmowac porownanie z pomiarem referencyjnym opartym na obrazowaniu
(np. mikroskopia przekrojow), z analizg zrodet btedu i niepewnosci.

o Badania ROM: kolejnym krokiem jest walidacja implementacji opracowanych praw
materiatowych W modelu numerycznym calego odcinka szyjnego. Wymaga to powigzania
badan eksperymentalnych ruchomosci z ich odtworzeniem w symulacji. Zaplanowane przeze
mnie badania eksperymentalne zostaly juz przeprowadzone z moim udziatem. W tym celu
wykorzystane zostaly stanowiska badawcze, ktorych jestem wspottworcg (P.444805
i P.443947), natomiast obecnie dane eksperymentalne sg przetwarzane i analizowane.
Implementowane sg tez prawa materiatowe do HBM.

31


https://www.google.com/search?q=Wi%C4%99zad%C5%82a+mi%C4%99dzypoprzeczne&sca_esv=8ff0655bc19caeb2&sxsrf=ANbL-n4mHDBcY5ug2DNIXOtx-C2zG23n1Q%3A1773137280092&ei=gO2vacKlBZKli-gPoK6haA&biw=1097&bih=520&ved=2ahUKEwjZ-aKQi5WTAxVW3QIHHf-qACwQgK4QegQIARAB&uact=5&oq=ITL+ligament&gs_lp=Egxnd3Mtd2l6LXNlcnAiDElUTCBsaWdhbWVudDIIEAAYgAQYywEyBhAAGBYYHjIIEAAYgAQYogQyCBAAGIAEGKIESKEVUCNYsRRwAngBkAEAmAGQAaABpQiqAQM1LjW4AQPIAQD4AQGYAgygAssIwgIKEAAYsAMY1gQYR8ICDRAAGIAEGLADGEMYigXCAgUQABiABMICChAAGIAEGEMYigXCAgsQLhiABBjHARivAcICDhAuGIAEGMcBGI4FGK8BwgIHEAAYgAQYCsICChAuGIAEGAoYywHCAgoQABiABBgKGMsBwgIFEAAY7wWYAwCIBgGQBgqSBwM2LjagB8Q2sgcDNC42uAfDCMIHBTAuOC40yAcigAgA&sclient=gws-wiz-serp&mstk=AUtExfDcjo8KNzKD2h6BdA7OdL_Tc_YuR-rZgIe0WFJTLdeLRzIn_JQzqwGE32CxFVasQYINjIwIRwoNygSQ0dCG-QOBuQuH9JjkPmDg8dY8FhYCBJv1jq5Sz0ljvJKLUd4bo9Ioo9dmFFzTlczHfvEJ-79Z-DIFbdRY3-GqwmNzh56Vb5rwlOdv4H_MVZYgGFPMN6dPIYkl_azcbZjE8_lIjMwnsu7zJv6MnZyCH_eh-tnxkJVV9xR-SVlw78SmlJV3t6F00jcq7HOzyyoMrN9KoJG8&csui=3
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SUPLEMENT 1

S 1. Podstawy anatomiczne i biomechaniczne

W niniejszym rozdziale zebrano i uporzadkowano podstawowe pojecia potrzebne do
opisu anatomii, geometrii i mechaniki tkanek migkkich kregostupa analizowanych
w rozprawie. Celem rozdziatu jest stworzenie jednolitego zaplecza pojeciowego dla dalszych
cze$ci pracy oraz dla zataczonych publikacji, tak aby czytelnik moégt w jednym miejscu znalez¢
definicje i objasnienia termindw wykorzystywanych pdzniej w opisie preparatyki, lokalizacji
anatomicznej badanych  struktur, kierunkow obcigzenia, interpretacji  wynikow
eksperymentalnych oraz modelowania konstytutywnego. Rozdziat ten porzadkuje wigc pojecia
z pogranicza anatomii, biomechaniki i modelowania numerycznego. W podrozdziale
suplementu S 1.1 przedstawiono zarys anatomii kregostupa i struktur istotnych z punktu
widzenia badan, w tym wiezadet oraz opony twardej rdzeniowej. W podrozdziale suplementu
S 1.2 zebrano najwazniejsze okreslenia terminologii anatomicznej wykorzystywane w pracy,
przydatne przy opisie orientacji przestrzennej tkanek, kierunkow obcigzenia oraz procesu
preparatyki. Natomiast w podrozdziale suplementu S 1.3 zdefiniowano kluczowe pojecia
mechaniki osrodkow ciaglych wykorzystywane w analizie danych i modelowaniu
konstytutywnym. Cykl publikacji stanowigcych podstawe rozprawy zostal przygotowany
W jezyku angielskim, dlatego na rysunkach w niniejszym rozdziale podano rowniez angielskie
odpowiedniki kluczowych terminéw.

S 1.1. Anatomia kregostupa

Kregostup czlowieka stanowi ztozong struktur¢ podporowo-ochronna, ktorej funkcja
jest przenoszenie obcigzen, zapewnienie ruchomosci tutowia oraz ochrona struktur nerwowych.
Z punktu widzenia niniejszej rozprawy kluczowe sa elementy biernego uktadu stabilizujacego,
tj. wiezadla kregostupa oraz opona twarda stanowigca ostone rdzenia kregowego
[38,39,70,121,122].

S 1.1.1. Odcinki kregostupa i krzywizny fizjologiczne

Kregostup sktada si¢ z odcinka szyjnego (kregi C1-C7), piersiowego (kregi T1-T12),
ledzwiowego (kregi L1-L5), kosci krzyzowej oraz kosci guzicznej. Odcinki te rdznig si¢
geometrig kregow i funkcja biomechaniczng. Krzywizny fizjologiczne obejmuja lordozg
szyjna, kifoze piersiowa oraz lordoze¢ ledzwiowa (patrz Rys. 18) [39,121,123].
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Rys. 18 Kregostup (kosci) z podziatem na odcinki, oznaczeniem kregow oraz Krzywizn

kos¢ krzyzowa |
(sacrum)

Model anatomiczny: 3D4Medical (Elsevier)

Podstawowym elementem kregostupa jest kreg, zbudowany z trzonu i tuku
ograniczajacych kanal kregowy. W obrgbie tuku wyrdznia si¢ m.in. wyrostki stawowe, blaszki,
wyrostek kolczysty i wyrostki poprzeczne, ktore okreslajag geometri¢ stawow wyrostkow
stawowych (tzw. stawow migdzykregowych) oraz miejsca przyczepu wigzadet.

Kregi szyjne i piersiowe roznig si¢ ksztattem trzonu, orientacja powierzchni stawowych
oraz proporcjami wyrostkow (patrz Rys. 19), co przeklada si¢ na odmienny zakres ruchu
oraz charakter przenoszenia obcigzen. Roznice te sg istotne dla procesu przygotowania probek
oraz interpretacji wynikow badan wig¢zadet z r6znych odcinkow [70,121,122].

A) kreg C5 B) kreg TS
(vertebrae C5)

widok z gory widok z gory
wyrostek poprzeczny irran ke . )
(transverse process / (\‘(’I’Iehl“t;léi body) /Irlun kregu
\ \ ) : o wyrostek stawowy ‘
3 o gomy N wyrostek poprzeczny

widok z boku widok z boku

wyrostek stawowy gorny
(superior articular process)
tuk kregu

(vertebral arch)

tuk kregu

wyrostek kolczysty
(spinous process) wyrostek stawowy gérny

o Ty 2 wyrostck kolezyst
(mﬁ’rmr articular process) Y 2o

wyrostek stawowy
dolny

Rys. 19 Poréwnanie budowy kregu (A) szyjnego C5 i (B) piersiowego T5

Model anatomiczny: 3D4Medical (Elsevier)
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S 1.1.2. Wiezadla kregostupa

Wigzadla kregostupa stanowig element biernego uktadu stabilizacji 1 ograniczajg
nadmierne przemieszczenia segmentow [37]. W kontekscie rozprawy kluczowe sg: wigezadto
podtuzne przednie, wigzadlo podluzne tylne, wigzadlo zotte, wigzadta migdzykolcowe,
wigzadto nadkolcowe oraz torebka stawu wyrostkow stawowych (patrz Rys. 20). Ich potozenie
wzgledem trzonow, tukow kregdow i kragzkéw okresla role W ograniczaniu zgiecia/wyprostu,
zgiecia bocznego oraz rotacji osiowej [70,122,123]. Odpowiednie role poszczegdlnych
wiezadel sg nast¢pujgce [39,121-124]:
o Wiezadlo podluzne przednie (ang. anterior longitudinal ligament - ALL): stabilizuje
przednig cze$¢ trzondw kregow i kragzkéw mig¢dzykregowych, przenoszac obcigzenia
rozciggajace przy odgieciu do tylu. Najsilniej ogranicza Wyprost.
o Wiezadlo podluzne tylne (ang. posterior longitudinal ligament - PLL): biegnie po
tylnej powierzchni trzonéw wewnatrz kanatu kregowego i stabilizuje tylng cze$¢ krazka.
Przeciwdziala ,,wypychaniu” krazka w kierunku kanatu.
o Torebka stawowa stawu wyrostkow stawowych (ang. capsular ligament - CL):
stabilizuje staw miedzywyrostkowy i kontroluje wzglgdne przesunigcia kregow, szczegodlnie
w ruchach ztozonych. Istotnie ogranicza rotacj¢ osiows i zgiecie boczne.
o Wiezadla zolte / wiezadla miedzylukowe (ang. ligamenta flava - LF): tacza blaszki
tukow kregow. Uznaje sig, ze dzigki duzej zawarto$ci elastyny dzialaja jak element
wspomagajacy powrdt ze zgigcia. Ograniczaja gtownie zgiecie do przodu oraz pomagaja
utrzymac napigcie tylnej Sciany kanatu krggowego.
o Wiezadlo miedzykolcowe (ang. interspinous ligament - ISL): taczy sgsiednie wyrostki
kolczyste i stabilizuje tylny kompleks wigzadtowy. Najbardziej napina si¢ przy zgieciu do
przodu, ograniczajac nadmierne oddalanie wyrostkow kolczystych.
o Wiezadlo nadkolcowe (ang. supraspinous ligament - SSL): biegnie wzdhz
wierzchotkow wyrostkow kolezystych. Wraz z wigzadtem miedzykolcowym istotnie ogranicza
zgiecie do przodu i stabilizuje segmenty przy obcigzeniach zginajacych.

S 1.1.3. Budowa rdzenia kregowego.

Rdzen krggowy przebiega w kanale kregowym 1 jest ostonigty przez opony rdzeniowe:
opong twarda, pajecza 1 migkka. Z punktu widzenia niniejszej rozprawy kluczowa jest opona
twarda rdzeniowa (w dalszej czgsci pracy dla uproszczenia okreslana mianem opony twarde;j),
ktora tworzy worek oponowy oraz przechodzi w mankiety oponowe nerwdw rdzeniowych
(patrz Rys. 21). Wtasciwosci mechaniczne tej struktury sg istotne zaréwno dla zrozumienia
biomechaniki urazéw, jak i dla realistycznego odwzorowania ochronnych struktur rdzenia
kregowego w HBM. Opona twarda stanowi bowiem ostatnig ,,0ston¢” rdzenia krggowego
W kanale kregowym, a jej uszkodzenie moze prowadzi¢ m.in. do wycieku plynu
mozgowo-rdzeniowego oraz deficytow neurologicznych, w tym niedowtadow i porazen.
[38,39,53,74-76,121].
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Rys. 20 Wigzadta kregostupa
Dostosowane z: Schuenke M, Schulte E. General Anatomy and the Musculoskeletal System: Thieme
Atlas of Anatomy. New York: Thieme; 2005. llustrowane przez Karl Wesker [123]
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Rys. 21 Budowa rdzenia kregowego i opony rdzeniowe
Po lewej - Model anatomiczny: 3D4Medical (Elsevier).

Po prawej - Dostosowane z: Englishsquare.pl Sp. z 0. 0., licencja: CC BY-SA 3.0
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S 1.1.4. Struktura kolagenowa

Wiezadla zbudowane sg z tkanki tacznej widknistej zwartej 0 utkaniu regularnym
z dominujacym udziatem kolagenu, w ktorej mikrostruktura (orientacja wiokien i peczkow)
w duzym stopniu determinuje odpowiedZz mechaniczng, W tym anizotropi¢ I nieliniowo$¢
krzywych napre¢zenie-odksztatcenie. W ujeciu ogdlnym organizacja kolagenu ma charakter
hierarchiczny (od czasteczek do pgczkow wiokien), a pofaldowanie wiokien ttumaczy czgsé
przyczyn nieliniowosci krzywych rozciaggania (patrz Rys. 22) [125-127].

Opona twarda rowniez jest strukturg bogata w kolagen i wykazuje wyrazng anizotropie,
jednak jej architektura ma bardziej warstwowy charakter niz typowe wigzadto (patrz Rys. 23).
Zbudowana jest z tkanki tacznej widknistej zwartej 0 utkaniu nieregularnym. Z tego wzgledu
schemat z Rys. 22 nalezy traktowac jako ilustracj¢ typowej, hierarchicznej organizacji kolagenu
charakterystycznej przede wszystkim dla wiezadet i Sciggien. Opona twarda wykazuje
natomiast bardziej warstwowa | mniej regularng architekturg wioknistg [53,74—77,128-130].

wlokno kolagenowe  fibryla kolagenowa pojedynczy tancuch bialkowy
(collagen fiber) ( coll'aqen Sibril) (precursor a chain)

wigzadlo
owigzadle ‘I l ; l
(periligament) ,-m/b y {
i {
f i o N
[Lo | k)
| W= =)
= N N {
g ‘ '\)‘ nj":‘.\" l
' I l {}tﬂ
T czgsteczka kolagenu protokolacen
beiEkiwAghac (collagen molecule)  (profocollagen)

trzeciorzgdowy
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nawigzadle
(epitigament) kolagen
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pofatdowana
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(endoligament)
skala | | | | |
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Rys. 22 Hierarchiczna struktura kolagenu w tkance tacznej

Dostosowane z: https://vearlemedicalart.com/, World of the Cell [131]

Rys. 23 Opona twarda: orientacja wlokien kolagenowych; przyblizenie x6500
Zrédlo: Reina, M.A., et al. (2015), Springer, Cham. Ultrastructure of Spinal Dura Mater[128]
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S 1.2. Terminologia anatomiczna

S 1.2.1. Orientacja anatomiczna i ruchy kregostupa

Do opisu orientacji struktur oraz kierunkoéw ruchu stosuje si¢ trzy podstawowe
ptaszczyzny anatomiczne: ptaszczyzng strzatkowa, czotowa oraz pozioma. Rownolegle uzywa
si¢ nastepujacych okreslen kierunkow: przysrodkowy i boczny, gorny i dolny, przedni i tylny,
prawy i lewy. Kierunek blizszy (proximal) - blizej szkieletu osiowego (kregostupa, klatki
piersiowej, czaszki), kierunek dalszy (distal) - dalej od szkieletu osiowego (patrz Rys. 24A)
[121,123].

Ruch kregostupa opisuje si¢ najczesciej jako kombinacje trzech podstawowych
sktadowych: zgigcie | wyprost, zgiecie boczne oraz rotacje osiowa (patrz Rys. 24B). Niniejsza
konwencja okresla:

J zgigcie - ruch w ptaszczyznie strzatkowej do przodu,

o wyprost - ruch w ptaszczyznie strzatkowej do tyhu,

J zgigcie boczne - ruch w ptaszezyznie czotowej,

o rotacja osiowa - obrot wokot osi dtugiej (pionowej) W ptaszczyznie poziome;.

plaszezyzna czotowa
(frontal / coronal plane)

7gigcie boczne

wyprost (lareral bending)

(extension) \ o ™
zgigcic \ /]
Seie ! r‘ (flexion) A
8o /
(cranialy | Pr ks W \
( ’F\ boczny VI '
(lateral) | / ,,‘
plaszczyzna pozioma / / ’
(axial / transverse / horizontal plane) ! .
\ \f
\ W T
|
\ rotacja
\ (axial rotation)
> ) \
.\ f @i
[

(right) lewy ) \
(lefi) | AN\

tylny / grzbietowy { \
(posterior) h

plaszczyzna strzalkowa
(sagital plane)

A) przedni / brzuszny B)

{anterior)

Rys. 24 (A) Ptaszczyzny i kierunki anatomiczne. (B) Opis ruchu kregostupa
Dostosowane z: A) Netter F.H. Atlas of Human Anatomy. Elsevier, 2019. llustrowane przez Frank H.
Netter[121], B) https://basicmedicalkey.com/back/

S 1.2.2. Obcigzenia mechaniczne

W badaniach biomechanicznych krggostupa opis obcigzen wymaga rozrdznienia
rodzaju wymuszenia i odpowiadajagcych mu standw napre¢zenia/odksztatcenia. Podstawowe
schematy obcigzenia to: $ciskanie, rozcigganie, zginanie, $cinanie oraz skrecanie [132].
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zginanic $ciskanie rozcigganie
(bending) (compression) (tension)

$cinanie
(shear)

obrot
(lorzllue)

Rys. 25 Schemat ilustrujacy podstawowe tryby obciazenia
Dostosowane z: McElhaney, James H., et al. "Biomechanical aspects of cervical trauma." Accidental

injury: biomechanics and prevention. New York, NY: Springer New York, 2002. 324-373[132]

S 1.2.3. Czynnos$ciowy segment ruchowy kregostupa (FSU)

Czynnosciowy segment ruchowy (ang. Functional Spinal Unit - FSU) jest podstawowg
jednostka funkcjonalng krggostupa w biomechanice. Podstawowy dla niniejszej pracy segment
obejmuje dwa sasiednie kregi wraz z tkankami migkkimi zapewniajagcymi ruchomos$¢
| stabilizacje segmentu, W tym krazek miedzykregowy, wigzadla oraz aparat stawowo-
wiezadtowy [37]. W praktyce badawczej jednak zakres tego poje¢cia bywa definiowany,
zaleznie od celu analizy. FSU jest najczesciej wykorzystywany W badaniach ruchomosci
segmentu kregostupa oraz w walidacji modeli numerycznych poprzez poréwnanie zachowania
rzeczywistego i modelowanego segmentu [133]. W niniejszej pracy pojecie FSU stosowano
przede wszystkim do okre$lenia poziomu anatomicznego pochodzenia badanych wigzadet
oraz do uporzadkowania kolejnych etapéw preparatyki probek. Schemat uzyskiwania FSU
przedstawiono na Rys. 26.

Wariant T Wariant T1

Czaszka-Cl1 & (Czaszka-C2

segment ruchowy kregostupa
(functional spinal unit)

(FSU)

FSU
FSU

Rys. 26 Podziat krggostupa na FSU - na przyktadzie odcinka szyjnego

Dostosowane z: www.hon.nucleusinc.com
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S 1.2.4. Preparatyka probki wiezadla: ,,kos¢-wiezadlo-kos$¢” (BLB)

W badaniach wtasciwosci mechanicznych wigzadel czesto stosuje si¢ preparaty
,ko§¢-wiezadto-kos¢” (ang. bone-ligament-bone BLB) [34,106,134]. Uktad BLB umozliwia
jednoosiowe rozcigganie wigzadla przy zachowaniu jego anatomicznych przyczepow kostnych,
co umozliwia powtarzalne mocowanie probki i ogranicza ryzyko uszkodzen w strefach jej
mocowania. W praktyce przygotowanie BLB rozpoczyna si¢ od pozyskania segmentu
kregostupa FSU, a nast¢pnie wykonania cig¢ ko$ci, aby uzyskac bloczki kostne po obu stronach
badanego wigzadta. W zaleznosci od planowanego obcigzenia i badanego wigzadta usuwa sie
elementy nieistotne dla danej proby (np. tkanki migkkie, tluszczowe, niezwigzane
z zasadniczym badanym), zachowujac jednoczesnie ciaglos¢ struktur poddawanych badaniu
(patrz Rys. 27).

linia cigcia ISL + SSL

Rys. 27 Schemat podziatu kregu w FSU na BLB
Model anatomiczny: 3D4Medical (Elsevier)

W niniejszej rozprawie konfiguracja BLB byla wykorzystywana do przygotowania
probek wiezadet badanych w probie jednoosiowego rozciggania (patrz Rys. 28). Dla
przejrzystosci W dalszych rozdziatach probki opisywano przez nazwe wigzadta (np. ALL, PLL,
LF, CL) oraz FSU, z ktérego pochodzity (np. T3-T4). W przypadku CL rozroznia si¢ rowniez
strong (CLL - lewy, CLP - prawy).

ey ENS s

.

T

<

n
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‘llﬂ‘mlllllflfllqlllivll g
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Rys. 28 Fotografia uktadu , kos¢-wigzadto-kos¢” (A) ALL T2-T3, (B) PLL T2-T3,
(C) LF T4-T5, (D) ISL + SSL T2-T3, (E) CLL T4-T5, (F) CLP T2-T3

Zrédlo: Fotografie wlasne
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S 1.3. Pojecia mechaniki i definicje miar

S 1.3.1. Opis materialny: konfiguracja odniesienia i aktualna

Standardowo odpowiedz mechaniczng materialow, w tym tkanek migkkich kregostupa,
opisuje si¢ W praktyce eksperymentalnej jako zalezno$¢ migdzy przytozonym obcigzeniem,
wyrazonym np. silg lub naprezeniem, a deformacja probki, tj. zmiang jej geometrii opisywang
przez przemieszczenia, wydluzenia lub odksztatcenia. Taki opis stanowi podstawe do
formutowania i identyfikacji praw konstytutywnych wykorzystywanych w modelowaniu
analitycznym i numerycznym. W tym celu standardowo stosuje si¢ formalizm mechaniki
osrodkow cigglych [29,33,135,136].

W mechanice o$rodkow ciaglych rozréznia si¢ konfiguracje odniesienia (poczatkowa)
oraz konfiguracje aktualng (odksztatcong). Konfiguracja odniesienia jest stanem, w ktoérym
definiuje si¢ geometri¢ poczatkowa osrodka, natomiast konfiguracja aktualna opisuje stan
w danej chwili obcigzania, odpowiadajacy zdeformowanej geometrii. Przej$cie migdzy tymi
konfiguracjami opisuje ruch osrodka (patrz Rys. 29) [33,135,136].

Konfiguracj¢ odniesienia opisuje si¢ wspotrzednymi X, a konfiguracje aktualng
wspotrzednymi X. Ruch o$rodka w opisie materialnym definiuje odwzorowanie:

x = x(Xt),
ktore przypisuje kazdemu punktowi materialnemu X jego potozenie X w czasie t.

X x; Konfiguracja
| aktualna

Konfiguracja XX, 1)
odniesienia

X(P
u g2

Rys. 29 Schemat ruchu o$rodka.
Zrédlo: Opracowanie wlasne

Z tego odwzorowania wynika lokalny opis deformacji w otoczeniu punktu

materialnego, definiowany przez gradient deformaciji:
ox
F —_ a_X.

Tensor F opisuje petng lokalng deformacje¢ elementu materialu, tj. odwzorowuje
nieskonczenie mate odcinki i kierunki z konfiguracji odniesienia do konfiguracji aktualnej,
uwzgledniajgc rozciagnigcie, $cinanie i obrot. Sktadowa objetosciowa tej deformacji opisuje
wyznacznik gradientu deformacji J = det(F), ktory okre$la lokalny stosunek objetosci
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elementu w konfiguracji aktualnej do objetosci w konfiguracji odniesienia. W wielu
zastosowaniach biomechanicznych tkanki miekkie traktuje si¢ jako material quasi-niesci§liwy,
co zapisuje si¢ warunkiem J = 1. Oznacza to, ze W przyblizeniu zachowana jest lokalna
obj¢tosé, a deformacja wynika przede wszystkim ze zmiany ksztattu i redystrybucji odksztatcen
w kierunkach poprzecznych. Zatozenie to jest wykorzystywane w przeliczeniach wymiarow
geometrycznych w probie jednoosiowej [33,135,136].

W przypadku jednoosiowego rozciggania (patrz Rys. 30) rozciagnigcie definiuje sie¢

jako A; = LL— (szczegotowe definicje miar odksztalcenia przedstawiono w kolejnym
0

podrozdziale). Dla idealnie jednorodnej deformacji, przy zatozeniu braku $cinania i obrotu,
gradient deformacji mozna zapisa¢ W postaci macierzy diagonalnej:
A 00
F = [0 A, 0],
0 0 A
gdzie A,i A3 sa rozciggnigciami poprzecznymi. Wowczas | = A;A,A3. Przy zalozeniu
niescisliwos$ci 0raz izotropowego zwezenia poprzecznego (A, = A3), otrzymuje si¢:
1
A= A3 = A2
To pozwala oszacowa¢ zmiane¢ pola przekroju W trakcie proby. Poniewaz objetos¢ elementu

pozostaje stala, to przy jednoosiowym rozcigganiu A(t) = % [33,135,136].

S 1.3.2. Miary odksztalcen w probie jednoosiowej
Wielkoscia mierzong W jednoosiowych prdbach rozciggania jest przemieszczenie
uktadu obcigzajacego (ang. crosshead) w czasie - u(t). Pomiar ten czegsto obarczony jest
dodatkowym, niepozadanym przemieszczeniem pochodzacym od podatnosci elementow
maszyny wytrzymatosciowej, odksztalcenia stref przejsciowych probki lub poslizgu probki
w uchwycie. Miarg pozadana, wyznaczang na podstawie U(t) jest wydtuzenie badanej probki
w czasie - AL(t). Za pomocg wydtuzenia mozemy wyznaczy¢ jej odksztatcenie podtuzne:
AL,
Ly
Na rysunku Rys. 30. zilustrowano podstawowe okre§lenia dlugosci w probie
rozciggania jednoosiowego [29,33,79,135,136].W opisiec duzych odksztalcen bardziej
uzyteczng formg reprezentacji deformacji podtuzne;j jest rozciaggnigcie (ang. stretch):

&1

PR S
T, T
W badaniach, w ktérych stosowano pomiar lokalny metoda cyfrowej korelacji obrazu (DIC),

odksztatcenie wyznaczano bezposrednio, w obszarze pomiarowym (ang. gauge region):

€1
A =—
! €10
gdzie: e, jest aktualng dlugoscig wirtualnego ekstensometru optycznego, a e, jego dtugoscia

poczatkowa.

W kontekscie definicji prawa materiatowego 1 opisu odksztatcen skonczonych stosuje
si¢ miary zdefiniowane W konfiguracji odniesienia. Kluczowa miarg jest odksztalcenie
Greena-Lagrange’a E, ktore w przypadku jednoosiowego rozciggania wyraza si¢ zalezno$cia:

1 2
Ey =5 (% - D).
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L}

2 L, lub /, - dlugos¢ aktualna (current length)
L, lub [, - dlugos$¢ poczatkowa (initial length)

= AL, lub Al, - wydtuzenie (elongation)
Uktad U, - kierunek wymuszenia
wspotrzednych

Rys. 30 Pojecie odksztatcenia na przyktadzie osiowego rozciagania cienkiego preta

Zrodto: Opracowanie wlasne

S 1.3.3. Miary naprezen W probie jednoosiowej.

W jednoosiowych probach rozciggania wielko$cig mierzong bezposrednio jest sita F(t)
W czasie, rejestrowana przez czujnik sily bedacy elementem maszyny wytrzymato$ciowe;.
Wyznaczenie warto$ci naprezenia wymaga odniesienia wartosci sity do pola przekroju probki.
W przypadku tkanek miekkich, ktére moga ulega¢ duzym odksztatceniom, istotny jest wybor
miary naprezenia. Warto$¢ napr¢zenia zalezy od tego, czy normalizujemy rejestrowang site do
pola powierzchni poczatkowej probki A, czy aktualnej A [29,33,135,136].

Najprostsza miarg jest naprezenie nominalne (ang. engineering stress), definiowane
wzgledem pola przekroju w konfiguracji odniesienia:
F(t)
Ay

W formalizmie mechaniki osrodkow ciagtych wielko$¢ ? jest rtbwnowazna sktadowej
0

Onom(t) =

P;, pierwszego tensora Pioli-Kirchhoffa (1PK) w jednoosiowym stanie naprezenia. Roznica
polega jednak na interpretacji: naprezenie nominalne jest prosta wielkoscia skalarng uzywana
do opisu wyniku proby rozciggania, natomiast P;; jest skladowag tensora naprezenia
1PK - pelniejszego, trojwymiarowego opisu stanu mechanicznego materiatu [33,135,136].

Do opisu naprezenia wzgledem geometrii aktualnej, stosuje si¢ naprezenie rzeczywiste
(ang. true stress), czyli napr¢zenie Cauchy’ego o:

F(t)
t) = —
011 ( ) A (t)
W praktyce eksperymentalnej A(t) rzadko jest mierzone wprost, dlatego czesto korzysta
si¢ z przyblizenia wynikajacego z zatozenia (quasi-)niescisliwosci (A(t) = }\A&)). Wowczas:
1

011 (1) = A,(0) ?
0

Tensor Cauchy’ego ¢ stanowi podstawowy opis stanu napr¢zenia W punkcie ciata
W mechanice osrodkéw ciaglych. Jego interpretacja fizyczna polega na tym, ze okresla
sktadowe wektora naprezenia dziatajacego na dowolng powierzchni¢ przechodzaca przez ten
punkt w konfiguracji aktualnej. Zgodnie z postulatem Cauchy’ego jednoznacznie wyznacza on
wektor normalny dziatajacy na dowolnej powierzchni wewngtrznej jako funkcj¢ jej wektora
normalnego, dzigki czemu jest naturalng podstawa opisu rownowagi W ujeciu przestrzennym.

Wprowadza si¢ réwniez drugi tensor naprezenia Pioli-Kirchhoffa S, zdefiniowany

W konfiguracji odniesienia. Miara ta nie ma bezposredniej interpretacji fizycznej, lecz jest
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naturalna w opisiec materialnym, poniewaz jest sprzezona energetycznie z tensorem
odksztalcenia Greena-Lagrange’a E. Dzigki temu jest uzyteczna przy zapisie praw
konstytutywnych w postaci funkcji energii odksztatcenia. Dodatkowo, W przeciwienstwie do
tensora P, S jest tensorem symetrycznym, co upraszcza zapis i interpretacj¢ sktadowych.
Podstawowe zalezno$ci migdzy miarami naprezen majg postac [29,33,135,136]:
P=JoF T, S=F"'P.

S 1.3.4. Hipersprezystos¢ i lepko-sprezystos¢ tkanek migekkich

W celu opisu odpowiedzi mechanicznej tkanek migkkich stosuje si¢ modele
konstytutywne nalezace do réznych klas, zaleznie od tego, czy uwzgledniajg one wytacznie
aktualny stan deformacji, czy rowniez wpltyw czasu i historii obcigzenia. Dwie podstawowe
idealizacje, zwigzane z modelowaniem tkanek migkkich, to hipersprezystosc
(ang. hyperelasticity) oraz lepko-sprezystosc (ang. viscoelasticity) [71,137,138].

Standardowo rownanie konstytutywne materiatu hipersprezystego opisuje si¢ poprzez
funkcje gestosci energii odksztalcenia W, z ktorej wyznacza si¢ naprezenia. W takim ujeciu
odpowiedz W danym punkcie materiatu zalezy od aktualnej deformacji (np. F), a nie od
szybko$ci jej narastania; W idealizacji nie wystepuje rozpraszanie energii i Krzywa
obcigzenie-odcigzenie jest odtwarzalna. Modele hipersprezyste sa powszechnie stosowane do
opisu tkanek migkkich w zakresie skonczonych odksztatcen [71,137,138].

S 1.3.5. Prawa konstytutywne i funkcja energii odksztalcenia.

Tkanki migkkie czgsto wykazuja jednak zalezno$¢ odpowiedzi od predkosci
odksztatcenia (ang. strain-rate dependency), relaksacj¢ naprezen (ang. stress relaxation)
oraz histereze (ang. hysteresis), co interpretuje si¢ jako przejaw lepko-(hiper)sprezystosci.
W takim przypadku naprezenie w chwili t zalezy nie tylko od aktualnej deformacji, lecz takze
od jej historii, a cze$¢ energii ulega rozproszeniu. W modelowaniu efekt ten opisuje si¢ zwykle
przez uzupekienie czesci hipersprezystej rOwnania konstytutywnego 0 czton lepkosciowy
(model visco-hyperelastic), co umozliwia odtworzenie réznic W krzywych naprezenie-
odksztatcenie obserwowanych przy réznych szybkosciach odksztatcenia [46,47,53,71,73,139].

Wyniki prob jednoosiowych (krzywe naprezenie-odksztatcenie) stanowig w praktyce
podstawowy punkt wyjscia do opisu zachowania materiatu poprzez prawo konstytutywne, tj.
relacje wigzaca miary deformacji z miarami naprezenia. W przypadku tkanek migkkich
kregostupa, ktore pracuja W zakresie skonczonych duzych odksztalcen oraz wykazuja
nieliniowa odpowiedZz mechaniczng, wygodne jest formutowanie modelu w ramach mechaniki
osrodkow ciggltych, w ujeciu materialnym [29,33].

W takim opisie wykorzystuje si¢ miary deformacji zdefiniowane na podstawie gradientu
deformacji F, w szczego6lnosci prawy i lewy tensor odksztatcenia Cauchy’ego-Greena:

C=F'F, B=FF,

gdzie C jest miarg zdefiniowang w konfiguracji odniesienia (prawy tensor deformacji
Cauchy-Green’a), a B w konfiguracji aktualnej (lewy tensor deformacji Cauchy-Green’a) [33].
Dla materialow izotropowych funkcje energii odksztatcenia zapisuje si¢ W postaci zaleznej od
niezmiennikow tensora C:

1
I, = tr(C), I, = > [tr(C)? — tr(C?)], I; = det(C) = J2.

Jednak w przypadku tkanek wtoknistych, takich jak wi¢zadta, sam opis izotropowy jest
niewystarczajacy, poniewaz odpowiedz mechaniczna materialu zalezy nie tylko od deformacji
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matrycy, ale rowniez od orientacji i odksztatcenia wiokien. Dodatkowo tkanki te wykazujg
efekt lepkosciowy, a wigc zalezno$¢ odpowiedzi od predkosci odksztatcenia. Z tego wzgledu
uzyteczne jest przyjecie modelu, w ktérym odpowiedZz materiatu rozdziela si¢ na cze$¢
hipersprezysta 1 lepkosciowa, a W obrebie kazdej z nich wyr6znia si¢ wktad izotropowej
matrycy oraz wktad widkien. W niniejszym cyklu publikacji rozwazano przyktad obejmujacy
matryce opisang modelem Neo-Hookean, widkna opisane wielomianem oraz efekt lepkosciowy
dla matrycy oraz wtokien:

W =Wu(Ty, 1)+ We(I) + 5 (11, J,) + ¥F (14 o),
Wm(il; ]) = C10(71 - 3) + Dil(/ - 1)2,
- 0, I, <1,
w:(1,) = _ _ _
(1) {cz D=2+ G I, -1% I, > 1,
q%(fb 72) = 77172 (71 - 3),

_ 0, I, <1,
w(l,J.) =41 - - -
JACEY

T gneds -1 I > 1

W powyzszym zapisie sktadnik W, opisuje wplyw matrycy, sktadnik Wy to wptyw
wiokien, natomiast Wy, i W¢ odpowiadajg za cze$¢ lepkosciowa zwigzang odpowiednio
Z matrycg | widknami. Parametr C;, opisuje odpowiedz czgsci matrycowej, parametry C, i Cs
opisujg nieliniowy wktad wtokien, natomiast 1, i 1, okreslaja wkiad energii zalezny od
szybkosci odksztatcenia na odpowiedz materiatu. Wielko$é I, jest pierwszym niezmiennikiem
izochorycznej czg$ci prawego tensora odksztatcenia Cauchy-Green’a, I, opisuje deformacje
w kierunku witokien, natomiast jz i 75 sa niezmiennikami zwigzanymi zZ pochodng prawego
Cauchy’ego-Green’a odpowiednio W czeSci matrycowej i wtoknistej. Zmienna | (jakobian
deformacji) opisuje zmiang¢ objetosci, a parametr D; to parametr Scisliwosci. Taki zapis nie
stanowi petnego wyprowadzenia modelu, lecz pokazuje klase¢ funkcji energii stosowanej do
opisu tkanek wtoknistych, w ktorych odpowiedZz mechaniczna zalezy zaréwno od orientacji
witokien, jak i od predkosci odksztatcenia [29,33,71,138]. Doktadng postaé wykorzystanych
W pracy wzoréw mozna odnalez¢ w publikacji IV, VI oraz VII.

Po zdefiniowaniu funkcji energii odksztalcenia mozliwe jest wyznaczenie
odpowiadajacej jej miary naprezenia. W ujeciu materialnym naturalng miarg jest drugi tensor
naprezenia Pioli-Kirchhoffa, ktory dla czeSci hipersprezystej modelu otrzymuje si¢ przez
rozniczkowanie funkcji energii wzgledem tensora C [33,135,136]

S=2 3
S 1.4. Regiony charakterystyczne i punkty przejscia

Krzywe naprezenie-odksztatcenie (lub sita-przemieszczenie) wigzadta lub opony
twardej wykazujg charakterystyczny przebieg, W ktorym mozna wyrdzni¢ kolejne regiony
odpowiedzi mechanicznej (patrz Rys. 31). Granice pomigdzy tymi obszarami wyznaczaja
punkty charakterystyczne. Poczatkowy fragment stanowi (ang. toe region), zwigzany
z prostowaniem i stopniowym angazowaniem pofalowanych widkien. Nastepnie pojawia si¢
ang. linear region, w ktérym odpowiedz materialu jest w przyblizeniu liniowa i odpowiada
dominujacej pracy W pelni zaangazowanych wiokien. Punkt pomiedzy tymi regionami
nazywany jest pierwszym punktem przej$cia (ang. | transition point). Po zakonczeniu linear
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region rozpoczyna si¢ ang. subfailure region, w ktérym odpowiedz pozostaje jeszcze rosngca,
lecz pojawiajg si¢ pierwsze procesy uszkodzenia prowadzace do utraty liniowosci. Punkt
pomiedzy linear region a subfailure region nazywany jest drugim punktem przejécia
(ang. Il transition point). Punkt odpowiadajacy maksymalnemu naprezeniu lub sile okreslany
jest jako punkt zniszczenia (ang. failure point). Dalszy fragment krzywej, zwigzany ze
znaczacym spadkiem no$nosci, stanowi ang. postfailure region [34,47,103]. Na Rys. 31
przedstawiono omawiane regiony oraz punkty charakterystyczne na przykladzie wybranej
krzywej uzyskanej z badania wi¢zadta.

24
punkt zniszczenia =) )
21 T (failure point) ,"',—"
wpasowana krzywa ,,-;"./ S
181 :
15 Il punkt przcjs‘cia//”pf@ ;
- (I transition poin) 3 >
E 12 ‘
Q.E 91 I punkt przejscia
(! transition poini ="y
6 y \
‘3 | '/o‘/ ‘I}
01 & Toe Region Linear Region Subfailure Region | Postfailure Region
.00 1.03 1.06 1.09 112 115 1.8 121 124 127 130

-

Ay -

Rys. 31 llustracja regionéw krzywej i punktéw charakterystycznych.
Zrédlo: dostosowane z Publikacji 11

W literaturze mozna znalez¢ rozne sposoby wyznaczania charakterystycznych regionow
I punktow przejscia na krzywych odpowiedzi mechanicznej. W starszych badaniach [103]
regiony te opisywano w sposéb jakosciowy - wyrdzniano jedynie czg¢$¢ liniowa krzywej,
z ktorej okre§lano sztywno$¢, oraz punkt zniszczenia odpowiadajacy maksymalnej sile.
Granice mi¢dzy fazami deformacji nie byty definiowane W sposob ilosciowy.

W nowszym opracowaniu [47] podejscie to zostato rozwinigte - regiony ,,toe” i ,linear”
wyznaczano przez dopasowanie odpowiednio wielomianu i funkcji liniowej do fragmentow
krzywej, a punkt przejscia okreslano jako przeciecie obu dopasowan. Cho¢ sposob ten
umozliwia poréwnania ilo$ciowe, opiera si¢ na umownych granicach (np. 30-80% wartosci
maksymalnej) i pozostaje cze$ciowo subiektywny.

Najbardziej precyzyjne rozwigzanie zaproponowano W pracy [34], gdzie krzywa
opisano funkcja sktadang obejmujaca trzy regiony: toe, linear i traumatic. Zastosowano tu
odpowiednio funkcje wyktadnicza dla etapu poczatkowego, funkcj¢ liniowa dla zakresu statej
sztywnosci oraz wielomian trzeciego stopnia dla fazy subfailure. Punkty przejs¢ miedzy
regionami byly wyznaczane automatycznie z warunku cigglosci wartoSci 1 pierwszej
pochodnej, co zapewniato spojnos¢ przebiegu i ograniczato subiektywnos$¢ oceny. W praktyce
jednak dopasowanie funkcji wyktadniczej do danych doswiadczalnych bywa trudne - czg$¢
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krzywych nie wykazuje typowego przebiegu wyktadniczego w obszarze toe, a algorytm
nieliniowego dopasowania parametrow nie zawsze znajduje stabilne rozwigzanie.

Na podstawie przegladu literatury zaproponowatem wlasne podejscie, majace charakter
hybrydowy, szczegdétowo opisany w publikacjach 11, IV oraz V. Zaproponowana metoda opiera
si¢ na identyfikacji punktow przegigcia krzywej poprzez analiz¢ jej drugich pochodnych
oraz iteracyjne opisywanie funkcji liniowych przechodzgcych przez te i najblizsze im punkty.
Kontrolujgc znormalizowany s$redni bilad bezwzgledny (NMAE), rozpoznawano funkcje
liniowa najlepiej dopasowang do linear region surowych danych. | i II punkt przejécia
wyznaczano jako granice najwickszego odcinka, w ktorym NMAE aproksymacji liniowej
wzgledem danych eksperymentalnych byl mniejszy niz 1%. W pozostale regiony
wpasowywano niezaleznie dwie funkcje (wielomian Iub funkcje¢ wyktadnicza) z zachowaniem
ciggtosci klasy C! z funkcja liniowa.
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Abstract: Road equipment, such as, e.g., road safety barriers and lighting columns, are subject
to certification according to the EN1317 standard to be allowed for use on European roads. In
engineering practice, due to the terrain conditions, there are cases where other road equipment is
installed within the working width of road safety barriers. Such situations are not considered during
the certification process. Hence, the aim of this study is to analyze the effect of a lighting column
installed within the working width of the barrier on the results of the TB51 crash test. The full-scale
crash test and numerical simulation of this event were conducted. In the full-scale crash test, as well as
in the simulation, the lighting column prevented the barrier’s post from properly disconnecting from
the guardrail, which resulted in the barrier failing to restrain and redirect the 13-t bus. The simulation
was quantitatively compared to the experiment, where the correlation coefficient of ASI curves
equaled 84%. The THIV curves differed significantly between the experiment and the simulation,
which is explained within the paper. Next, simulations with and without the lighting column were
compared. The ASI and THIV in the simulation without the column were 0.33 and 16.1 km/h,
respectively. In the simulation with the column, the ASI and THIV were 0.44 and 17.7 km/h,
respectively. The maximum roll angle of the vehicle in the simulation without the column was
2.01° and with the column was 5.96°. The main difference, however, was that the system without
the lighting column within the working width of the barrier was capable of properly restraining
and redirecting the vehicle. The specific mechanics underlying this behavior are described within
the paper.

Keywords: road safety; field and numerical tests; road barriers; passive safety

1. Introduction

Road safety is one of the key aspects of life of a modern society. With the continuous
development of road networks and with the increasing number of vehicles, a strong
emphasis should be placed on the improvement of road safety. In 2021 alone, 19,800 people
died on roads in the EU [1]. In Poland alone, on average, nearly 3000 people are killed on
the roads each year, about 20% of them as a result of a vehicle falling out of its lane [2].
Those numbers show how much remains to be done in improving road safety. The key
to understanding the need and building tools to manage road infrastructure to reduce
the consequences of lane departure vehicle accidents is to know the actual conditions on
the roads [3] and to identify the hazards and their sources that result from inadequate
design, construction, installation, and maintenance of roadway vehicle restraints [4-7].
Roadway barriers should be considered as obstacles, and their use should be treated as
a necessity [8-10]. This applies especially to bridges and locations where it is not possible
to use a safety zone [11-13]. One way to improve this is to install road safety equipment in
particularly hazardous locations around roads, i.e., road safety barriers (RSBs). In the EU,
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road barriers must pass crash tests according to the EN 1317 standard [14] to be approved
for use on common roads. During the crash test, the barrier must demonstrate essential
proprieties, i.e., it must properly restrain a vehicle and prevent the vehicle from overriding
or tearing the barrier [15-17]. Supporting the field tests are numerical simulations that
greatly expand the range of tested road barrier parameters [18-20]. Numerical analyses
could be used to address specific issues, such as, e.g., problems such as disabled drivers [21].
The consequences of overriding or tearing the barrier are usually catastrophic, especially
if an accident happens on a bridge or in the case where a bus is involved, as a number
of passengers could be on board. One of the conditions for an effective operation of
a road barrier is to provide an obstacle-free zone behind the barrier, so that, in the case of
a vehicular crash, the barrier has sufficient space for deflection [22-24]. The size of that
zone is defined by the working width and vehicle intrusion indices, which are determined
according to EN 1317 in a full-scale crash test. However, on roads, it is often observed that
other safety devices are installed directly behind the barrier, which may affect the barrier
response. There are various reasons for such solutions. One of them may be the local
constraints associated with the topology of the surrounding terrain and/or existing road
infrastructure. Despite there being many studies on vehicular impacts into RSBs [25-27]
or impacts into supporting structures [28-30], there are almost no studies investigating
the influence of the installation of supporting structure in the barrier’s working width on
the crash outcome. One of a few studies on that subject was performed by La Torre et al. [31].
That study analyzed how the installation of a variable message sign (VMS) behind a barrier
can affect the crash results. The performance of the barrier will fully comply with the EN
1317 standard [14] requirements only if the VMS is placed at a distance of at least 130 cm
from the front of the barrier as compared to the 200 cm working width of the device
analyzed. However, many more studies are still needed to properly address that issue.

This study analyzes the effect of the installation of a lighting column in the working
width of a W-beam RSB on the results of the TB51 crash test, as in Figure 1. This research
is important as it will shed light onto the mechanisms and interactions that occur in
the barrier-column—vehicle system during an accident. This will allow the verification of
whether two road safety devices that are safe separately will also work together to achieve
an appropriate level of safety. The TB51 crash test was selected as it involves a 13-tonne
bus, which can inflict serious damage to the barrier during the impact. Moreover, this
particular impact can have extremely tragic consequences, as there may be many fatalities
and seriously injured persons. The W-beam barrier was chosen as it is one of the most
frequently used types of barriers on roads in the EU. That barrier successfully passed
full-scale crash tests according to EN 1317 [14]; hence, it has appropriate certificates for
use on European roads. Similarly, the lighting column was positively tested in accordance
with the EN 12767 standard [32]. However, the tests for both systems were conducted
separately. Hence, the research aimed to evaluate the safety of the combination of those
two road safety systems: the W-beam barrier and the lighting column. The other objectives
of this study were as follows:

*  Todevelop a numerical model of the crash test and its validation for two cases: (1) the test
with the barrier and the lighting column and (2) the test with the barrier alone;

e To analyze the results of the crash tests;

¢ To evaluate the influence of the lighting column on both: the barrier performance
and the behavior of the bus.
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Figure 1. Exemplary view of the bus during the analyzed crash test.

2. Materials and Methods

In this study, a modified TB51 full-scale crash test was conducted. According to
the EN 1317 standard, the TB51 test considers a 13-tonne bus that hits the barrier with
aspeed of 70 km/h at an angle of 20°. The modification of the test considered the installation
of a lighting column within the working width of the system. The RSB was certified for
use on European roads and obtained a W4 class of working width and a VI4 class of
vehicle intrusion. The impact severity of the system was classified to the A class, and
the system’s containment level was H2. The numerical model of the RSB was validated
against a normative TB51 crash test, the results of which were obtained from the system’s
manufacturer. Additionally, the model was also validated against the modified TB51 crash
test, which is presented in the current work.

For the ease of description, the following nomenclature is introduced for the tests:

*  Case No. 1—a simulation with a lighting column;
*  Case No. 2—a simulation without a lighting column.

2.1. Full-Scale Experiment

The full-scale crash test was conducted on 10 August 2017 at the testing grounds of
the Research Institute for Protective Systems (IBOS) [33]. The experiment was carried out
by the Research Institute for Roads and Bridges (IBDiM) [34]. This institute is certified
by the Polish Center for Accreditation to, among others, perform crash tests according to
the EN1317 standard [14]. The setup of the test is presented in Figure 2. The total length
of the system was 81 m, where there was 63 m of straight section and 9 m at each end of
the barrier.

L, 90m 63.0 m [ 90m |
26.5m lighting column ‘ ‘
1

vehicle " impact point

Figure 2. Scheme of the test setup.

A segment of the barrier is presented in Figure 3. The system consisted primarily of
three main parts, that is a guardrail, posts, and spacers. The length of the guardrail section
was 4.82 m. The total width of the barrier was 0.34 m. The height of the system equaled
0.90 m from the level of the ground. The posts were spaced every 2.25 m. Their total length
was 1.71 m, where 0.81 m was anchored in the ground. The soil on the test site contained
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broken aggregate 0-31.5 mm. Its compaction factor was equal to 1.00, and the bearing
factor was in the range of 65 to 90%.

Cross-section Front view

A-A B
B
340 mm |"— A guardrail *
i —|.__ guardrail = :
e 11 1L . {175
E —y a {0
& — =
[=] \ T
@ _spacer
(distance element) | " post
ESTRIPREY \ : . NS
= A bl
& . post . <24
5 Il
-3 ]
Top view
B-B
Spacer
H post Jﬂ‘ " (distance element) H
- o —

.

- guardrail
Figure 3. Technical drawing of the analyzed H2/W4/ A road safety barrier.

The analyzed crash test also considered the lighting column in the working width of
the barrier. This column was the 100HE3 class according to the EN 12767 standard [32].
Without a foundation, the column was 10 m long and weighted 87 kg. It was mounted
1.75 m behind the 12th post of the barrier (see Figure 4), and its axis was distanced at 0.60 m
from the face of the system. The foundation was made of a 150 x 30 x 30 cm reinforced
concrete cube, weighing approximately 225 kg.

Figure 4. Test site before the collision, with (A) a view of the run-up track with the bus and the impact
point and (B) a view of the impact point from the point of view of the run-up track.
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2.2. Numerical Simulation
2.2.1. Road Safety Barrier

The numerical model of the H2/W4/A RSB was created using the documentation from
the full-scale crash test and the manufacturer. Guardrails, posts, and spacers were modeled
using fully integrated shell elements of a size of approximately 15 mm. Those elements
were made of steel, and they had a piecewise linear plasticity material model assigned with
the properties of 5235 structural steel. The material properties of the steel were obtained
from tensile tests conducted on specimens cut from a section of the considered RSB. Bolt
connections were modeled using solid elements with reduced integration. They had
the material law dedicated to spot weld connections, which is a common approach in FE
modeling [35,36]. The material characteristics of the bolts corresponded to the bolts class 8.8,
according to the ISO 4032-8 standard. Steel parts of the system had a failure criterion that
was based on the maximum effective plastic strain of an element. The critical value of
the plastic strain was assigned to each part of the barrier based on parametric analyses.

The model of RSB consisted of 271,018 nodes and 259,336 mainly quadrilateral FEs.
The comparison between the selected part of the numerical model and the actual barrier
is shown in Figure 5A. In Figure 5B, there is a view on the detail of the finite element
discretization of the surroundings of the barrier’s post. Figure 6A,B show the numerical
simulation setup and include descriptions of the objects involved. In Figure 6C, there is
also a discretization detail of the barrier’s segment.

(A) (B)

AT

HH

hnssod

s

Figure 5. (A) Comparison between the actual post of the road safety barrier and the corresponding
numerical model; (B) detail of FE discretization of a guardrail, a post, and the ground.

2.2.2. Lighting Column

The lighting column model was created based on the column used in the experiment.
The column in the test setup is shown in Figure 6A,B. The numerical model consisted
of 3715 nodes comprising 3706 FEs. The elements of the column were modeled using
four-node reduced integration shell elements. They had assigned a constitutive model of
a piecewise linear plastic material law with material characteristics corresponding to 5235
steel. The size of the elements was in the range from 20 to 50 mm, depending on the height.
The mass and geometry were assigned according to the report from the experiment.



Materials 2022, 15, 4926

6 of 19

(A) T (B) R

light pole

W-beam

Figure 6. General views of the road safety barrier and the lighting pole with (A) specific dimensions,
(B) a description of specific elements, and (C) a discretization detail of the barrier’s segment.

2.2.3. Ground

In the simulation, the ground was modeled as cylinders surrounding individual posts;
in which the posts were embedded. The shape of the post was cut from the soil cylinder so
that the ground perfectly surrounded the barrier element. The interaction between the soil
and the post was modeled using a penalty-based contact [37] with static friction of 0.4,
dynamic friction of 0.2, and decay coefficient of 0.001, similar to [38]. Soil cylinders had
a diameter of 1 m and a depth of 0.86 m. The cylinders of the ground were discretized
using 8-node reduced integration solid elements. The view of the post and soil cylinder,
with their corresponding discretization, is presented in Figures 5B and 6C. The density
of the ground was 2200 kg/m?3; its bulk modulus was 97.75 MPa, and its shear modulus
equaled 58.64 MPa. The constants of the ground’s plastic yield function constant were
assumed as follows: Ag = 0.000811, A; = 0.0526, Ay = 0.853, and the pressure cut-off
for tensile fracture was —0.3 MPa. These parameters were assumed based on previous
work [35,36,39].

2.2.4. Vehicle

The bus model used in this study was developed by The Norwegian Public Road
Administration [40]. The model of the bus was modeled mainly using fully integrated
4-node shell elements and selectively reduced solids. Most parts of the bus used the piece-
wise linear plasticity material law; the tires had the Mooney—Rivlin hyper-elastic constitu-
tive relation assigned. Figure 7 shows the comparison between the bus used in the full-scale
crash test and the bus from the simulations. In Figure 7A,B, there is a side view and a front
view of the bus used in the experiment, respectively. The corresponding views for the bus
from the simulations are in Figure 7C,D. A summary of the vehicle parameters, along with
the requirements for the TB51 crash test vehicle, for both the simulation and the experiment,
is presented in Table 1. As seen, all requirements were met for both vehicles.
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Table 1. Comparison between the FE model of the bus, the bus used in experiment—SETRA 5215 UL—
and the requirements for the TB51 crash test, according to EN 1317.

SETRA S215 UL
FE Model Model Year 1991 EN 1317
Mass 12,967.6 kg 12,992 + 20 kg 13,000 + 400 kg
Length 12.80 m 12.010 £ 0.020 m n/a
Width 2.506 m 2.490 + 0.020 m n/a
. CGy: 3987 mm CGy: 3815 £ 2 mm CGy: 3800 mm + 10%

Location of center

. CGy: 0 mm CGy:3+2mm CGy: £100 mm
of gravity (CG) . . . o o

CG;: 1338 mm CG;: 1435 £ 2 mm CG,: 1400 mm +15%/ —5%

Number of axles 2 2 n/a
Wheel base 6.798 m 6.080 + 0.020 m 6.50 m = 15%
Wheel track 2.070 £ 0.020 m/ o
(front,/rear) 2.088 m/1.769 m 1.800 « 0.020 m 2.00 m + 15%
Wheel radius 0.490 = 0.005 m/ o
(front,/rear) 0.495m/0.495 m 0.492 = 0.005 m 0.52m = 15%
Number of nodes 125,550 n/a n/a
Number of FEs 128,245 n/a n/a

(A) =

Figure 7. Comparison between the bus used in the experiment and the corresponding numerical
model, with (A) a side view of the bus, (B) a front view of the bus, and (C) a side view and (D) a front
view of the numerical model.

2.3. Impact Severity Indices

The analysis was conducted according to the EN1317 standard where one of the meth-
ods of assessing the severity of a collision inflicted on the occupants of the vehicle is
the Acceleration Severity Index (ASI) [14]. The ASI is a dimensionless metric based on
acceleration components acquired from the vehicle’s center of gravity. The acceleration
components are normalized to critical values according to the following formula:

Z 2 Z 2 Z 2
ASI(t) = <a_:> + (775) + (?j) , 1)
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where A,, Zy, ZZ are the components of the acceleration along the axes x, y, and z, re-
spectively. Before application to the formula, the components are filtered with a four-pole
phase-less Butterworth low-pass digital filter with a cut-off frequency of 13 Hz. The vari-
ablesa, = 12G, @, = 9 G, and , = 10 G are the limit values of acceleration components
along x, y, and z, where G = 9.81 m/s?. The curve of the ASI represents the ASI as a func-
tion of time. However, the final value of the ASI is calculated as the maximum value of
the ASI curve during a collision.

Another severity index is the Theoretical Head Impact Velocity (THIV), which denotes
an impact speed of a theoretical head at the moment of contact with a theoretical vehicle
cabin [14]. The indices ASI and THIV are usually calculated for tests of passenger vehicles.
In this study, these indices were obtained for a bus to provide an additional quantitative
measure for validation.

3. Validation of the Numerical Model
3.1. Full-Scale Experiment

The impact speed of the bus in the full-scale crash test was 73.2 km/h, and the angle
equaled 19.5°, thus generating the vehicle’s kinetic energy of 298.7 k]. During the experi-
ment, the vehicle hit the barrier 10 cm before the post No. 11 and remained in contact with
the guardrail. After passing the post No. 14, the bus ran over the barrier and rode along
the barrier’s top up to the post No. 16. After reaching this post, the bus left the barrier on
the side opposite to the in-run. At the height of the Post 29, the vehicle overturned to its
left side, which can be seen in Figure 8B. In addition, damage to the protective system and
the lighting column is presented in Figure 8A.

Figure 8. Test site after the collision with (A) a view from behind the barrier on the vehicle approach

track and (B) a view from the approach track on the impact point.

3.2. Numerical Simulation

The simulation was carried out using the MPP LS-Dyna R10.1 software with double
precision on two 12-core Intel® Xeon® Processors E5 v3 @ 2.3 GHz (48 threads in total).
The simulation of 2 s of the impact took 33 h and 46 min of computation time.

The numerical simulation had the same impact conditions as in the experiment,
i.e., the same velocity and the same impact angle. To impact location was also chosen as
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in the experiment; hence, the bus in the simulation hit the barrier 10 cm before Post 11.
A comparison of the impact conditions between the experiment and the simulation is also
presented in Figure 9.

Figure 9. Impact conditions of the vehicle in (A) the full-scale crash test and in (B) the simulation.

The results of the numerical simulation were compared with the corresponding ex-
periment. A visual representation of the vehicle trajectories for both cases is presented in
Figure 10. During the initial phase, the bus in the simulation and the experiment followed
a similar path. Differences were observed in the latter parts of the test. The vehicle in
the experiment hit the barrier and swung to its other side, as in Figure 10(2). As seen,
the left side of the vehicle crossed the face of the barrier, and eventually, the whole bus
followed and fully crossed over to the other side of the protective system (see Figure 10(4)).
The wheels on the right side of the bus then caught the barrier, resulting in the bus rollover.
A difference in the vehicle course was observed in the simulation where the center of
the vehicle’s chassis did not cross the face of the barrier. Hence, as a consequence, the ve-
hicle hung on the barrier, as seen in Figure 10(3). The simulation ended with the bus’s
undercarriage hanging on the protective barrier, as in Figure 10(4). Nevertheless, in both,
the experiment and the simulation, the analyzed road safety barrier did not stop the vehicle
from crossing over the traffic lane.

Figure 10. Vehicle trajectories of the full-scale crash test and the numerical simulation.
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The calculated ASI curves were based on accelerations from the driver seat and are
presented in Figure 11. The similarity between the curves was calculated based on the MPC
and ANOVA metrics, as proposed in the technical report [41]. Residuals of ASI curves with
their corresponding distributions are presented in Figure 12. A summary of the metrics is
in Table 2, where all criteria were fulfilled, indicating a good overall correlation between
curves. The maximum ASI in the experiment was 0.25 and occurred 0.196 s after the initial
impact. In the simulation, the maximum ASI was higher and exited 0.44 at 0.189 s.

0.5
simulation
| - experiment
0.4 1
0.3 ~
0.2— i
0.0 T T T T T T T -
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Time, s

Figure 11. The comparison between the ASI calculated at the driver seat in the simulation and
the experiment.

Table 2. The summary of MPC, ANOVA, and single value metrics.

MPC Metrics Value, %
Sprague—Geers Magnitude 6.3
Sprague—Geers Phase 18.2
Sprague-Geers Comprehensive 19.2
ANOVA Metrics

Average -1
Std 29.6

Single Value Metrics
Correlation Coefficient 84.1

In Figure 13, there is a comparison between the experimental and the simulation
THIV curves. For both cases, the THIV was based on accelerations from the driver seat.
However, as seen in Figure 13, there are significant differences between those curves.
Discrepancies are mainly due to the different rate at which the vehicle changed its direction
after hitting the barrier. This is because the THIV index directly depends on the yaw velocity.
In both cases, the barrier initiated the redirection of the bus. However, in the simulation,
the redirection occurred faster and was more abrupt. In the experiment, the bus maintained
its initial moving direction for longer. Additionally, the discrepancy may be due to the fact
that in the simulation, the bus hanged on the barrier, and in the experiment, the bus
completely ran over to the other side of the barrier.

To sum up this section, based on both the qualitative comparison of the crash test
trajectories from the experiment and simulation and the quantitative comparison of specific
metrics, the analyzed simulation was considered validated.
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Figure 12. Residuals (A) history, (B) histogram, and (C) cumulative distribution of ASI curves.
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Figure 13. The comparison between the THIV calculated at the driver seat in the simulation and
the experiment.

3.3. Damage of the Road Safety Barrier

As a result of the impact in the full-scale crash test, the system was damaged be-
tween Posts 11 and 19. For the simulation, the damage was between Posts 10 and 25.
The guardrail was locally torn in the experiment at Posts 12, 15, 16, and 18. For the simula-
tion, the guardrail was severely damaged at Posts 12, 15, 18, 19, and 20. In the full-scale
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crash test, Posts 11, 12, and 17 were bent, the posts between 13 to 16 were bent to the ground,
and the posts from 1 to 11 were only twisted. For the simulation case, Posts 10, 11, 12, and
24 were bent, Posts 13 to 23 were bent to the ground, and the posts from 1 to 9 and No. 25
were only twisted. The lighting column for both the experiment and the simulation was
damaged near the foundation and was broken at one third of its height.

A view of the damage of the system can be seen in Figure 14.

&
.

X-\ost no.12

~_guardrail

\~ post no.11

Figure 14. View of the damaged barrier. (A) Experiment; (B) simulation.

3.4. Damage of the Vehicle

In the experiment, the rear window of the vehicle was broken, the front windshield
was severely cracked, and the front bumper was crushed. Moreover, the left-front wheel of
the vehicle was broken. The left side of the vehicle was damaged due to the contact with
the guardrail. In the simulation, the left side of the vehicle was also damaged. Additionally,
the front and rear bumpers were crushed due to the impact. Moreover, the cross-member
of the chassis frame was damaged and the front axle was bent near the left-front wheel.

A comparison of vehicle’s damage between the full-scale crash test and simulation is
presented in Figure 15.

(A B

crushed bumper

damaged axle and wheel

deformed crossmember

Figure 15. View of the damaged vehicle. (A) Experiment; (B) simulation.

4. Collisions with and without the Lighting Column

Numerical simulations considered two cases, where Case No. 1 had the lighting
column installed within the working width of the H2/W4/A W-beam RSB and Case No. 2
considered the barrier itself, without any obstacles. All of the modeling details were
the same in both simulations, i.e., the model of the vehicle and the model of the barrier
remained unchanged. Both cases had the same impact conditions, i.e., the impact speed of
70.6 km/h, the impact angle of 20.3°, and the impact location of 10 cm before Post No. 11.
The course of the vehicles’ trajectories in both simulations is presented in Figure 16.
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Figure 16. Vehicle trajectories of numerical simulations of (A) the barrier without an obstacle (Case
No. 1) and (B) the barrier with a lighting column within its working width (Case No. 2).

The trajectory of the vehicle in Case No. 1 was described in Section 3. In simulation Case
No. 2, 0.08 s after the impact, the barrier guardrail flattened on the left-front side of the vehicle
body and the vehicle began to slide and redirect along the guardrail. At 0.14 s after the impact,
Spacer No. 12 was detached from the guardrail, and then, two more spacers (Nos. 13 and 14)
also detached from the guardrail consequently. At 0.54 s after the impact, the rear of the bus hit
the guardrail at the height of Post No. 10 (see Figure 16(3.B)). The rear of the vehicle was also
caught by the barrier, and the guardrail properly redirected the vehicle; at 1.30 s after the impact,
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the vehicle eventually left the barrier. The calculated working width was 1.37 m, and the
dynamic deflection was 1.03 m. The difference between the working width from the simulation
and the value from its certificate was less than 10 cm. The maximum roll angle of the vehicle in
the simulation Case No. 2 was 2.01°, and it was 3.95° less than in Case No. 1. A comparative
analysis of the vehicle trajectories for both simulation cases is summarized in Table 3, where
the time 0.0 s is the time of vehicle impact and the time 2.0 s indicates the end of the simulation.

The results of the ASI and THIV for both simulations were calculated based on acceler-
ations from the driver seat. Their corresponding curves are presented in Figures 17 and 18.
In Case No. 2, the maximum ASI equaled 0.33 and was 25% lower than in Case No. 1.
The time of the maximum ASI in Case No. 2 was at 0.235 s after the impact, which was
0.046 s later than in Case No. 1. The maximum THIV in Case No. 2 was 16.06 km/h at
the time of 0.196 s, which is 9% less and 0.006 s earlier, compared to the other case.

In Figures 19 and 20, there is a comparison between Case No. 1 and Case No. 2 at crucial
moments in the simulation. It was observed that Post Nos. 11, 12, and 13 in Case No. 1 (see
Figure 19A) did not detach from the guardrail, in contrast to the ones in Case No. 2 (see
Figure 19B). This difference seems to be crucial from the point of view of the correct operation
of the system. The experiment additionally confirmed the simulation results, where also no
detachment of the posts from the system was observed. The comparison of the damaged
barrier in the experiment and corresponding simulation is presented in Figure 21.

Table 3. Description of the differences between the analyzed cases. (* the time of the impact, ** the
end of the simulation.)

Time Comparison between Simulations
Intervals, s Case No 1 Case No 2
0.0 *-0.13 Similar Course

The guardrail made contact with the lighting column, which prevented
0.14-0.25 the connection between the post and the guardrail from breaking (see ~ Post No. 12 was detached from the guardrail (see Figures 16(1.B) and 20B).
Figures 16(1.A) and 20A).

0.26-0.39

Post No. 13 did not detach from the guardrail, and the system was  Another post (No. 13) was detached from the guardrail. The guardrail flattened

pressed to the ground by the vehicle chassis (see Figure 16(2.A)). against the vehicle body and began to redirect the vehicle (see Figure 16(2.B)).

After sliding underneath the vehicle chassis, the guardrail was shaped
0.40-0.63 into a flat surface parallel to the ground, which acted as a ramp, which
allowed the vehicle to run over the barrier (see Figure 16(3.A)).

Post No. 14 disconnected from the guardrail, and the guardrail continued to
effectively redirect the vehicle (see Figure 16(3.B)).

The left-front wheel of the vehicle crossed to the other side of the bar-

rier, and the vehicle chassis landed on the top of the guardrail. The sys-  The bus was moving parallel to the line of the barrier. Post No. 12, 13, and 14

0.63-0.85 tem underneath the bus almost completely laid down on the ground (see ~ were disconnected from the system (see Figures 16(4.B) and 19B).
Figures 16(4.A) and 19A).
0.86-1.07 The left-rear wheel of the bus reached the barrier. The vehicle continued to move along the guardrail.

The left-rear wheel of the bus crossed to the other side of the barrier,
1.08-2.0 ** and the whole vehicle was over the system. The bus chassis pressed  The bus eventually left the system completely redirected.
the system to the ground; however, no posts detached from the guardrail.

0.5
with light pole
without light pole
0.4 1
0.3
@
<
0.2 4+
0.1 4/
0.0 T T T - T T .l T a
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time, s

Figure 17. The comparison between the ASI calculated at the driver seat in both simulations.
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Figure 18. The comparison between the THIV calculated at the driver seat in both simulations.

the spacer did not detach
from the post

the spacer detached
from the post

Figure 19. Side views of the H2/W4/B road safety barrier during simulations (time = 0.5 s) for
(A) Case No. 1 and (B) Case No. 2. Note that the surface and soil cylinders are set transparent
for clarity.
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(A) N (B)

the spacer detached
from the post

the spacer did not detach

from the post

Figure 20. Isometric views of simulations (time = 0.3 s) for Cases (A) No. 1 and (B) No. 2.Note that
the surface and soil cylinders are set transparent for clarity.

Figure 21. Views of the damaged H2/W4/A road safety barrier in (A) the experiment and in
(B) the simulation. Note that the surface and soil cylinders are set transparent for clarity.
5. Conclusions

This research showed that the influence of the installation of the lighting column in
the working width of the H2/W4/A beam barrier led to the malfunction of the system
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during the TB51 crash test. In the considered case, the barrier did not properly restrain and
redirect the vehicle.

It was found that the incorrect behavior of the system was due to the fact that the bar-
rier posts did not properly disconnect from the guardrail at the appropriate moment.
The failure of the post to disconnect prevented the barrier from working as a belt re-
straining the vehicle, and in this case, the post pulled the guardrail downwards. It
was the lighting column that prevented the post from properly detaching itself from
the guardrail, as the lighting column limited the unconstrained deflection of the system.
Pulling the guardrail down caused it to form a ramp, which allowed the bus to run over to
the other side of the system.

It is worth noting the fact that both analyzed systems, the barrier and the lighting
column, had been previously certified for common use on European roads. Each of them
individually is considered as safe road equipment; however, as presented in the current
study, the combination of these systems may lead to dire consequences.
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ARTICLE INFO ABSTRACT

Keywords: Purpose: This study aimed to investigate the geometrical and mechanical properties of human thoracic spine
Biomec‘hani.cs ligaments subjected to uniaxial quasi-static tensile test.

Thoracic spine Methods: Four human thoracic spines, obtained through a body donation program, were utilized for the study.
E?gl:i:leems The anterior longitudinal ligament (ALL), posterior longitudinal ligament (PLL), capsular ligament (CL), liga-

menta flava (LF), and the interspinous ligament and supraspinous ligament complex (ISL + SSL), were investi-
gated. The samples underwent specimen preparation, including dissection, cleaning, and reinforcement, before
being immersed in epoxy resin. Uniaxial tensile tests were performed using a custom-designed mechanical testing
machine equipped with an environmental chamber (T = 36.6 °C; humidity 95%). Then, the obtained tensile
curves were averaged preserving the characteristic regions of typical ligaments response.

Results: Geometrical and mechanical properties, such as initial length and width, failure load, and failure
elongation, were measured. Analysis of variance (ANOVA) revealed significant differences among the ligaments
for all investigated parameters. Pairwise comparisons using Tukey’s post-hoc test indicated differences in initial
length and width. ALL and PLL exhibited higher failure forces compared to CL and LF. ALL and ISL + SSL
demonstrated biggest failure elongation. Comparisons with other studies showed variations in initial length,
failure force, and failure elongation across different ligaments. The subsystem (Thl — Thé and Th7 — Th12)
analysis revealed increases in initial length, width, failure force, and elongation for certain ligaments.
Conclusions: Variations of both the geometric and mechanical properties of the ligaments were noticed, high-
lighting their unique characteristics and response to tensile force. Presented results extend very limited exper-
imental data base of thoracic spine ligaments existing in the literature. The obtained geometrical and mechanical
properties can help in the development of more precise human body models (HBMs).

Uniaxial tensile test
Traffic injuries

1. Introduction

The human thoracic spine is a critical component of the upper body’s
structural support and mobility (Edmondston and Singer, 1997). Liga-
ments play a crucial role in maintaining the stability and functionality of
the thoracic spine by connecting and stabilizing the vertebral segments
while protecting the spinal cord (Jaumard et al., 2011). Understanding
the mechanical response of these ligaments is crucial for statics and
dynamics of the thoracic spine and developing effective treatment
strategies for spinal pathologies and injuries (Anjum et al., 2020; Traj-
kovski et al., 2020).

During vehicle collisions, such as rear-end or frontal impacts, as well

as barrier impacts, a wide range of body injuries can occur, including
those affecting the spine. It is important to emphasize that even low-
speed collisions (Ito et al., 2004; Richards et al., 2006) can surpass the
threshold for soft tissue injury, particularly in frontal impacts (Yoga-
nandan et al, 1996). These injuries can lead to long-term or
life-threatening trauma for the occupants. To accurately analyze and
simulate vehicle occupant injuries, human body models (HBMs) are
utilized (Mendoza-Vazquez et al., 2015; Osth et al., 2017). These models
play a crucial role in understanding the biomechanical responses of the
human body during accidents. However, to develop the accuracy of
these models, it is crucial to incorporate experimental data that specif-
ically focuses on the mechanical properties (Hampton and Kleinberger,
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2018; Pachocki et al., 2021). Obtaining experimental data on the me-
chanical properties of the soft tissues is essential for extending the ca-
pabilities of HBMs. By incorporating this information, the accuracy and
reliability of the HBMs can be significantly improved, leading to more
precise analysis of various injury scenarios.

The mechanical behavior of ligaments is influenced by various fac-
tors, including their structural composition, collagen fiber arrangement,
and viscoelastic properties (Zhu et al., 2018). The interplay of these
elements determines the ligaments’ respond to external loads (Saker
et al., 2016). Existing literature provides some recommendations for
ligaments testing methodology (Mattucci et al., 2012; Natali et al., 2003;
Pintar et al., 1992). However, variations in experimental procedures,
tissue (re)freezing (Moon et al., 2006), preconditioning (Cheng et al.,
2009), environmental and mechanical conditions (Bass et al., 2007;
Lucas et al., 2008), and donors’ age (Griffin et al., 2016; Natali et al.,
2008) lead to documented differences in tissue response. Moreover,
comparing results across different studies is complicated due to different
environmental conditions and the aforementioned parameters, espe-
cially age, gender, sample preparation and testing techniques.

To this day, there exists in vitro experimental investigations on the
quasi-static mechanical stiffness of spinal ligaments positioned
throughout the spinal column (Myklebust et al., 1988; Nolte, L., Panjabi,
M., Oxland, 1990; Pintar et al., 1992). Various predetermined factors are
used to study the samples, such as the age of the cadaver (Neumann
et al., 1992) and specific sample preparation techniques, including lig-
ament preconditioning (Mattucci et al., 2012). These factors may in-
fluence the tensile response of the ligaments. Furthermore, the available
literature offers limited information on the material and geometric
properties of spinal ligaments, with varying data reported. Previous
studies have mainly focused on presenting in vitro failure properties of
ligaments, such as maximum load and displacement (Myklebust et al.,
1988; Pintar et al., 1992), while neglecting essential details concerning
the highly nonlinear behavior exhibited by ligaments in tension (White
and Panjabi, 1990). Some studies have included information regarding
the cross-sectional area and initial lengths of the tested ligaments
(Chazal et al., 1985; Yoganandan et al., 2000), which aids in enhancing
the input and understanding of stiffness variations along the spinal
column.

In this work, the primary aim is to present new results of the me-
chanical properties of human thoracic spine ligaments and establish
standardized practices for their study. The literature currently offers
limited information on the geometrical and mechanical properties of
these ligaments (Chazal et al., 1985; Myklebust et al., 1988). To address
this gap, a comprehensive analysis was conducted on five thoracic spine
ligaments: anterior longitudinal ligament (ALL), posterior longitudinal
ligament (PLL), capsular ligament (CL), ligamenta flava (LF), and the
interspinous ligament and supraspinous ligament complex (ISL + SSL).
By examining the geometrical and mechanical properties of these liga-
ments in the thoracic sections, valuable contributions were made to a
better understanding of their behavior. This understanding will allow
for the development of more accurate HBMs tailored to specific cases.

2. Material and methods

All cadavers used in this study were donated through the body
donation program with consent for educational and scientific purposes.
The Institutional Ethics Committee gave approval for conducting this
study (Institutional Review Board number: Ordinance No. 26/2016 of
the Rector of the Medical University of Gdansk of June 6, 2016 on the
implementation of the "Program of Conscious Donation of Corpses").
Four human thoracic spines, with an average age of 77.75 + 8.26 (range
from 72 to 90), were utilized for this study. A total of 17 ALL, 19 PLL, 31
CL, 17 LF and 16 ISL + SSL were isolated within 24-48 h after the do-
nors’ death. The samples’ preparation and mechanical tests were con-
ducted at the Department of Anatomy, Medical University of Gdansk.
Only samples without any pre-existing bone or ligament pathology were
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included. Relevant anthropometric characteristics, like the donors’ age,
gender, weight, height, and autopsy information were recorded.

2.1. Specimens preparation

The isolated segment of the entire thoracic spine was divided into
functional spine units (FSUs). First, the intervertebral discs were cut,
then the ligaments were dissected, and the facet joints were excised
every other level (e.g., Th2-Th3, Th4-Th5, etc.). In the next step, the
obtained vertebra—disc-vertebra units were dissected into the desired
bone-ligament-bone (BLB) samples. This way, from one segment, the
ALL, PLL, CL (left and right), LF, and ISL + SSL were obtained. The
ligaments were cleansed of fatty tissue. The ALL and PLL were separated
from the intervertebral disc, transversely cut to obtain each individual
BLB sample. Each of the obtained preparations was wrapped in several
layers of lignin soaked in isotonic saline solution and plastic stretch,
placed in a string bag and frozen at —20 °C.

Before the tensile test was conducted, each BLB complex was thawed
in physiological saline solution at room temperature (approximately
21 °C). Then, the boundaries of the ligaments were marked with a
copying pencil. After that, the ligaments were initially loaded with a ca.
500g weight, and photographs were taken from each side using a
reference ruler in the background. The photographs were then uploaded
to the CAD environment (AutoCAD, Autodesk, Inc., USA). The average
length and width were taken from the picture (see Fig. 1.). The green
line represents the previously marked boundary of the tested ligament.
Then the layout of lines was generated (0.1 mm density) to assess ver-
tical (length) and horizontal (width) lines. Finally, the summary length
of CAD lines was calculated and then averaged, which represented the
initial length and width of the specimen. For comparison purposes, an
digital caliper was used for the measurement of initial length and width.

The prepared samples were placed in a 3D printed mounting cup.
Then, the cup was filled with epoxy resin (Technovit 3040, Kulzer
GmbH). To minimize the possibility of tissue detachment during the test,
the bone parts in BLB complexes were reinforced to apply an initial
vertical compressive force improve the fastening of bone in the resin. In
the case of ALL, a flat, rigid element was placed on the vertebral body
fragment in the area of the removed disc (see Fig. 2A). Then, the
element, along with the bone, was wire-wrapped. On the anterior side of
the vertebral body, on the ALL and ligament attachment, a compressive
element was placed to press the ligament against the bone (see Fig. 2B).
The vertebral body, together with the compressive element, was wire-
wrapped circumferentially. In the case of the PLL, the anterior side
was reinforced similarly to ALL (see Fig. 2A). For the posterior side, a
wooden wedge with coarse-grained sandpaper was used (see Fig. 2C).
Then, the ligament was wire-wrapped around the vertebral body frag-
ment. The CL was wire-looped on both sides of the bone (see Fig. 2D).
For the LF, a screw was centrally positioned in the middle of the attached
bone, and circumferential reinforcement was used (see Fig. 2E). The
same procedure was adopted for the ISL + SSL, as for LF (see Fig. 2F).

The cups, for ALL and PLL BLB samples, were filled up to the
attachment point at the end of the vertebra, with the entire sample
reinforcement and bone enclosed in resin. The cup of the CL was filled to
a level of the reinforcement. The 3D mounting cup for the LF and ISL +
SSL was potted up to screw. After the resin had hardened, the opposite
bone of the sample was also placed in the mounting cup and filled with
resin. During the resin filling process, the samples were again wrapped
in saline-soaked lignin to prevent them from drying out. After the resin
had hardened, the sample, along with the lignin, was protected by
several layers of plastic stretch wrap and placed in the refrigerator
(approximately 5 °C).

2.2. Experimental setup

The tensile experiment utilized a custom-designed testing machine
(see Fig. 3A). The machine was registered for patent protection in the
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Patent Office of the Republic of Poland under number P.443948, March
02, 2023. The motion required for the tests was achieved through the
use of a stepper motor AC (Leadshine ELM-0400LH60F-SS-400W)
controlled by a servocontroller (Leadshine — ELP-RS400Z), which was
connected to a linear module (YR-HGWS60K SFU1605). The precise
movement of the cross head was measured using a high-accuracy elec-
tric encoder with a resolution of 0.001 mm. Force measurement was
obtained using a load cell (Utilcell M140) positioned on the top plate,
capable of measuring forces up to 1000N. Additionally, three load cells
(Utilcell M140) were placed on the bottom of the plate to measure the
load eccentricity. Data acquisition and control were facilitated by the
combination of an HBM QuantumX MX840A (Hottinger Baldwin Mes-
stechnik, Germany) and Catman Data Acquisition Software.

The experiments were conducted in an environmental chamber (see
Fig. 3B). A minimum humidity level of 95% saturation was maintained
using three ultrasonic humidifiers, and its level was monitored with a
hygrometer. A thermostat connected to four electric heaters built into
aluminum radiators maintained a constant temperature of 36.6 °C,
measured close to the surface of the sample. Additionally, the chamber
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F

Fig. 2. Reinforcement of bone parts: A) ALL rear view B) ALL front view C) PLL front view D) CL front view E) LF front view F) ISL + SSL side view.

was insulated with a layer of emergency foil and styrofoam.
2.3. Quasi-static tensile tests

Following a preloading tension force of 5 N applied at a strain rate of
0.5 s, all samples were allowed to fully relax for 60 s (Cheng et al.,
2009). Subsequently, all samples underwent preconditioning with a
10% strain for 60 cycles at 1 Hz and were then left to recover for an
additional 60 s. For the tensile testing phase, all samples were subjected
to constant loading strain rates of 0.5 s! until total rupture. The
resulting force-displacement curves were plotted, and statistical com-
parisons were made among the samples in terms of initial length, width,
failure force and elongation. Failure force (failure elongation) was
defined as the point at which further elongation did not result in any
additional force increase.
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stepper motor

linear module

Journal of the Mechanical Behavior of Biomedical Materials 151 (2024) 106404

Fig. 3. Experimental setup: A) custom made machine B) environmental chamber.

2.4. Post-processing

2.4.1. Curve fits for individual ligament

In the study, a set of raw measurement data points (raw data, see
Fig. 4) was collected for each individual ligament. Typical sigmoid curve
can be distinguished into three regions: toe, linear and subfailure region
(Mattucci and Cronin, 2015). A third, fifth, or seventh-degree poly-
nomial function (fitted curve, see Fig. 4) was applied to approximate
these data points. This approach provides the continuity of the
force-elongation function while filtering out noise in all tested samples.
Two arbitrary points were determined within the linear region. Within
these points an approximation line was fitted, to find a start and end
points of linear region. In Fig. 4 this approximation line was marked as
an orange dashed.

The comparison of vertical axis values was made for both the fitted
curve and the approximation line, with respect to the horizontal axis.
The I transition point (1) and II transition point (2) were identified as the
elongation and force at which the difference between the polynomial
and linear function values was less than 1%, for the first and last time,
respectively. In addition, by determining the failure force and elonga-
tion (4), it is possible to establish a boundaries of three specific regions
(toe, linear and subfailure).
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Fig. 4. Typical points and regions of force-elongation curve.

2.4.2. Averaging of curve fits

These calculated I and II transition points were averaged for all
tested ligaments and further categorized based on subsystems: Th1-Th6,
Th7-Th12, and Th1-Th12. For each case, a third-degree polynomial
fitting was performed, passing through the origin of the coordinate
system (1), averaged I transition point (2), averaged II transition point
(3), and the averaged failure forces and elongations (4).

However, the LF required an individual approach. An exponential
function was fitted through the origin of the coordinate system (1) and
averaged I transition point (2) and averaged Il transition point (3). Then,
quadratic functions were determined between points (3) and averaged
failure forces and elongations (4). It is worth mentioning that the con-
tinuity between the exponential function and the quadratic function at
point (3) was ensured by enforcing the C! continuity condition.

2.5. Statistical analysis

To examine the differences among the five ligament types of thoracic
spine, analysis of variance (ANOVA) was performed, followed by a post-
hoc Tukey’s test for multiple comparisons. Each thoracic spine was
divided into two regions: the upper (T1-T6) and the lower thoracic spine
(T7-T12) (Lubelski et al., 2014). The effect of division on each of the
properties (initial length and width, and failure force and elongation) for
each ligament was quantified using a two-sample t-test. A statistical
significance level of 0.05 was employed.

3. Results

The mean values of initial length (lp) and width (wy), failure force (F)
and failure elongation (AL) of all five ligament types of thoracic spine are
presented in Table 1. In the ANOVA analysis of results were indicated
statistically significant difference among all investigated parameters.
The p values for ly, wy, F, and AL were 2.02e-07, 5.75e-20, 4.74e-08, and

Table 1

Geometric and failure properties of ligaments expressed as the mean value + SD.
Ligament lp [mm] wo [mm] F [N] AL [mm]
ALL 7.62 £ 2.42 20.49 £5.3 482.15 + 191.54 4.81 £ 2.26
PLL 7.88 + 2.54 12.5 + 4.06 317.59 + 192.81 2.49 +£1.14
CL 6.63 + 1.24 23.07 £ 6.15 194.15 + 77.44 2.02 £ 0.82
LF 9.43 £1.72 7.07 £ 3.51 294.62 + 147.37 2.77 £ 0.84
ISL + SSL 10.44 + 2.32 10.53 + 2.64 190.76 £+ 116.1 5.04 +£1.84
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2.99e-11, respectively. To further investigate the pairwise differences
between the ligaments, Tukey’s post-hoc test was conducted. For Iy,
there were significant differences between ALL and ISL + SSL (p =
0.002), with ISL having a larger initial length. No other significant dif-
ferences were observed for ly. Regarding wy, significant differences were
found between ALL and PLL, ALL and LF, and ALL and ISL + SSL, with p
values of 0.001, 0.004, and 0.001, respectively. ALL, PLL, and CL had
larger widths compared to LF. For failure force (F), statistically signifi-
cant differences were observed between ALL and CL, ALL and ISL + SSL,
PLL and CL, PLL and ISL + SSL, CL and LF, CL and ISL + SSL, with p
values of 0.001, 0.002, 0.042, 0.046, 0.001, and 0.001, respectively. CL
and ISL + SSL had lower failure forces compared to ALL and PLL. Lastly,
for AL, statistically significant differences were found between ALL and
PLL, ALL and CL, ALL and LF, PLL and ISL + SSL, CL and ISL + SSL, LF
and ISL + SSL, with p values of 0.001, for each comparison. ALL and ISL
+ SSL had greater elongation compared to all other ligaments.

Fig. 5 presents results comparison of the initial length, failure force,
and failure elongation for different studies: current, Myklebust
(Myklebust et al., 1988), and Chazal (Chazal et al., 1985). The figures
illustrate the mean values and standard deviations.

In Fig. 5A was shows that the average initial length of the current
study and Chazal for ALL, PLL, and ISL + SSL falls within the standard
deviation ranges. However, for LF, it indicates a higher average initial
length for Chazal. For the ALL, PLL, and ISL + SSL, the average failure
forces (see Fig. 5B) of the current study and Chazal fall within the ranges
defined by their respective standard deviations. However, when
considering the LF, higher forces are achieved for Chazal. The mean
value of failure forces of the current study are higher compared to
Myklebust for ALL and ISL + SSL. However, for the PLL, CL, and LF, the
average failure forces of the current study are lower than those reported
by Myklebust. The average failure elongations (see Fig. 5C) of the cur-
rent study are lower compared to Myklebust for ALL, CL, LF, and ISL +
SSL. For the PLL, the current study and Myklebust fall within the stan-
dard deviation ranges. The results of the current study and Chazal are
within the standard deviation ranges for ALL, PLL, and LF. The mean
value results of elongation for ISL + SSL are higher for the current study
compared to Chazal.
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3.1. Results of subsystems

In the following section, a comparative analysis between the results
obtained from the upper (Th1 - Th6) and lower (Th7 — Th12) subsystems
is presented. The nonlinear tensile curves of the examined ligament
types including ALL, PLL, CL, LF, and ISL + SSL, are shown in figures
from Fig. 6A to Fig. 6E. Additionally, with the grey line the post-failure
behaviour is shown.

The data presented in figures from Fig. 7A to Fig. 7D illustrates the
average and standard deviation differences of initial length and width,
failure force, and elongation for subsystems. It was observed that, there
was a corresponding increase in initial length (for ALL, PLL, CL, and ISL
+ SSL), initial width (for ALL, PLL, and CL), failure force (for PLL and CL
stiffness), and failure elongation (for ALL, PLL, CL, and LF). The most
significant difference is seen in the initial length of the four mentioned
ligaments, which experienced an average increase of 16.68%. The ALL,
PLL, and CL showed a statistically significant increase in initial length
and width (p < 0.05), while the ISL + SSL did not show significant
changes (p > 0.05), although there was an upward trend in these pa-
rameters. Moreover, both PLL and CL demonstrated increases in failure
force and elongation, which were statistically significant (p < 0.05). In
the case of the ALL, the failure load increased by 3.45% (p = 0.39), and
failure elongation increased by 22.15% (p = 0.18). Finally, for the LF
and ISL, the failure force showed a 13.06% decrease (p = 0.78) and
34.89% increase (p = 0.14), respectively. Failure elongation showed a
14.05% increase (p = 0.22), and 22.42% decrease (p = 0.22),
respectively.

3.2. Average curves

The mean values of elongations and forces of the I and II transition
points for all tested ligaments are presented in Table 2. These points,
together with the mean failure forces and elongations, were the basis for
average curve fitting. The averaged, force-elongation curves are pre-
sented in figures form Fig. 8A to Fig. 8E.

4. Discussion

The study’s findings showed different mechanical properties among
the examined ligaments, indicating variations in their behavior under
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uniaxial quasi-static tensile loading. The statistical analyses revealed
statistically significant differences in initial length, width, failure force,
and failure elongation among the ligaments. ALL, PLL, CL, LF, and ISL +
SSL presented different mechanical responses, highlighting the impor-
tance of considering individual ligaments when analyzing the biome-
chanics of the thoracic spine (Trajkovski et al., 2020).

The comparison of the results with previous studies demonstrated
variations in the mechanical properties of ligaments reported in the
literature. While some results fell within the standard deviation ranges
of previous studies, others showed differences. They can be obviously
explained by the biological diversity but partly also by differences in
experimental procedures and conditions. It is important to acknowledge
that variations in experimental procedures and conditions may strongly
influence the tissue response. Factors such as donor age, tissue freezing,
preconditioning, and environmental conditions during test can affect the
outcomes. Therefore, it is essential to consider these factors when
interpreting and comparing the results across different studies (Bass
et al., 2007; Griffin et al., 2016; Lucas et al., 2008; Moon et al., 2006;
Natali et al., 2008; Natali et al., 2003; Pintar et al., 1992; Taylor et al.,
2009; Trajkovski et al., 2014).

In the Myklebust (Myklebust et al., 1988) study the mean age of

human cadaver was 67 and the tissues were stored at a temperature of
2 °C. Additionally during the test the preparations were kept moist by
means of Ringers solution and a high humidity environment. However,
these conditions were not specified in detail in the work. The tension test
was realized with constant rate of 10 mm per second, but only the failure
forces and deformation were reported.

In the Chazal (Chazal et al., 1985) study the mean age of human
cadaver was 53 years old and were stored in a Ringer solution within 1 h
after removal. But the environmental conditions during testing were not
reported. The tension test was realized with constant rate of 1 mm
min~!. Moreover, cross-section with a palpator, and a tracing being
obtained through an amplifier on a paper-graph. While the length of the
ligaments was measured at rest with a micrometer between the nearest
osseous insertion point. The biggest gap in the Chazal study is the
missing findings for the CL.

The current study found average failure forces ranging from 187.15
N to 509.81 N, depending upon the spine level and ligament type. These
forces are generally higher than those found in the literature. The dif-
ference with other study results is likely due to the loading rate. In the
current study, ligaments were loaded with a displacement controlled
strain rate of 0.5 per second. The loading rate in previous studies was 10



R. Wolny et al. Journal of the Mechanical Behavior of Biomedical Materials 151 (2024) 106404
|3 | WM Thi- Thé 30 1 BN Thl- Thé
e BN Th7 - Thi2 954 BN Th7 - Th12
s 10 1 ET
,_j g '._j: 20 1
g =
Z 54 E 154
= 2
Z 4 Z 10 4
2 - 54
ALL PLL CL LF ISL ALL PLL CL LF ISL
A B
8 B
. BN Thl- Thé I Thl - The
600 mEm TH7-Thiz | E mEm Th7 - Thi2
= ¢
£ 400 4 =
£ 2,
@ =)
E =
2. ; o
£ 200 - E
&
ALL PLL CL LF ISL ALL PLL CL LF ISL
C D
Fig. 7. The average and standard deviation for: A) initial length, B) initial width, C) failure force, D) failure elongation.
Table 2 mechanical response is decreasing with age (Mattucci et al., 2012;
able

Averaged I and II transition points of all ligaments as the mean values + SD.

Ligament Systems I transition point 1I transition point
Elongation, Force, N Elongation, Force, N
mm mm
ALL Th1-Thé 0.69 + 0.34 90.02 + 1.75 + 0.67 277.60
69.16 +129.13
Th7-Th12  1.46 + 0.98 110.04 3.13+1.45 332.51
+69.61 + 134.42
Th1-Th12 1.18 +0.88 102.98 2.64 +1.38 313.13
+67.98 +131.28
PLL Th1-Thé6 0.44 + 0.22 49.84 + 0.92 + 0.48 148.69
27.00 +91.17
Th7-Th12 0.72 £0.35 85.46 + 1.49 + 0.50 225.31
51.18 +107.81
Th1-Th12  0.60 + 0.32 70.46 + 1.25 + 0.56 193.05
45.45 + 105.83
CL Th1-Th6 0.66 + 0.39 36.71 £ 1.19 + 0.56 100.16
22.64 + 64.48
Th7-Th12  0.70 £+ 0.32 62.89 + 1.25 + 0.45 145.99
39.81 + 70.06
Th1-Th12  0.69 + 0.34 56.41 + 1.26 + 0.48 141.98
36.71 + 70.69
LF Th1-Th6 1.61 + 0.58 113.54 2.13+£0.71 246.69
+ 60.36 +73.53
Th7-Th12  1.82 + 0.70 105.62 2.38 £ 0.85 215.97
+71.83 + 139.47
Th1-Thl2 1.76 + 0.66 108.10 2.30 £ 0.80 225.57
+ 66.79 +121.71
ISL + Th1-Thé 2.23+1.81 44.54 + 3.84 +2.20 100.61
SSL 33.75 + 50.03
Th7-Th12  1.36 4 0.98 41.00 + 2.99 + 1.40 165.32
30.62 +118.93
Th1-Th12 1.63 +£1.30 42,11 + 3.26 £ 1.66 145.10
30.52 +105.15

mm per second, leading to failures from 92.75 N to 268.75 N (Mykle-
bust) or the loading rate was 0.016 mm per second, leading to failures
from 130 N to 426.67 N (Chazal).

Chazal et al. investigated specimens with age range of 30-80 years
(with average of 53), while Myklebust et al. ligaments were collected
from cadavers of 30-89 years (with average of 67). For the current study
the investigated tissue sampels were harvested from cadavers of 72-90
years (with average of 78). The strength and elasticity of ligament

Nachemson and Evans, 1968; Tkaczuk, 1968). However, in the Crash
Injury Research Engineering Network (CIREN) database, the numerous
road accidents involving older individuals can be found (Kaufman et al.,
2013). Such individuals often feature in accidents with roadside bar-
riers, which can lead to spinal injuries (Pachocki et al., 2021). Utilizing
experimental data in HBMs allows for a deeper and comprehensive
analysis of the mechanics behind spinal injuries (Osth et al., 2016). This
broader age spectrum in the dataset, despite its outliers, offers valuable
insights into the mechanics of spinal injuries across different age groups.
It enables a more comprehensive understanding of the variations in
ligament behavior and injury patterns, essential for enhancing the pre-
dictive capabilities of HBMs. It must be mentioned that samples
collected from old cadavers are correlated with a higher incidence of
ligament ossification, damage, or stiffening (Trojan et al., 1992). In the
current study such samples were excluded from investigation.

Furthermore, in previous studies, there were no preload (condi-
tioning) tests. Additionally, gaps in the measurements of lengths or in-
dividual spinal functional fragments are an obstacle to their integration
into virtual HBMs. The knowledge gained from this study can aid in the
development of more accurate HBMs tailored to specific cases, partic-
ularly in the context of vehicle occupant injury analysis and finite
element simulations (Pachocki et al., 2021). Accurate modeling of spinal
injuries in different scenarios requires detailed knowledge of ligament
behavior under various loadings (Ratajczak et al., 2016; Song et al.,
2004; Wagnac et al., 2012).

Human body models relies on force-elongation and stress-strain
curves to accurately represent the mechanical behavior of soft tissues
(Wiczenbach et al., 2023). In numerical modeling, force-elongation
curves are fundamental, particularly when using simplified spring ele-
ments, as they describe the relationship between applied force and tissue
elongation (Pitzen et al., 2002; Tsuang et al., 2009). However, chal-
lenges arise due to the inherent variability in soft tissue behavior among
individuals and tissue types, making it difficult to establish a single
universal force-elongation curve. To address this, average curves are
often derived, providing general approximations for numerical simula-
tions used in biomechanics and medical research (Mattucci and Cronin,
2015). Nevertheless, for more advanced 3D modeling of the soft tissue,
the transition to stress-strain curves becomes imperative. Stress-strain
curves are a representation of material behavior, regardless of the
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Fig. 8. The force-elongation averaged curves for: A) ALL, B) PLL, C) CL, D) LF, and E) ISL + SSL.

sample’s geometry, offering a more comprehensive representation of
soft tissue constitutive mechanical response (Jiang et al., 2015; Natali
et al., 2008; Sabik and Witkowski, 2023). These curves are vital for
intricate simulations involving complex movements and interactions
between tissues, leading to improved accuracy in injury prediction and
medical treatment optimization.

It is worth noting that this study focused on the quasi-static me-
chanical response of thoracic spine ligaments, primarily investigating
failure properties such as failure force and elongation, as well as the toe
and linear regions. However, additional dynamic test with medium and
high-strain rate could provide a more comprehensive understanding of
ligaments behavior (White and Panjabi, 1990). Further studies should
explore these aspects to enhance the knowledge of thoracic spine liga-
ment mechanics.

The presented methodology and results contribute to expanding and
standardizing the knowledge on the geometrical and mechanical prop-
erties of thoracic spine ligaments. The study provides valuable data that
can be utilized in the field of spinal biomechanics, injury prevention,
and treatment techniques. However, it is important to note that further
studies should be conducted to explore additional factors that may in-
fluence the mechanical properties of these ligaments, including age,

dynamic tests, and sample preparation techniques (Griffin et al., 2016;
Natali et al., 2008).

5. Conclusions

In this study, the mechanical properties of human thoracic spine
ligaments are investigated. Differences in geometric and mechanical
properties were observed between the ligaments, emphasizing their
distinct biodiversity and responses to tension, respectively. The findings
contribute to achieving a better understanding of the mechanical
properties of thoracic spine ligaments and can aid in the development of
more accurate human models tailored to specific cases. The averaged
soft tissue force-elongation curves can be used to properly define the
mechanical response of HBMs. Further research is required to explore
additional factors that may influence the mechanical properties of
thoracic spine ligaments. Additionally, a geometrical analysis of the
cross-section is required to fully understand the stress-strain relation,
which is crucial for more accurate numerical modeling analysis.
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POLYMETHYLMETHACRYLATE (PMMA) 1s WIDELY USED in biomechanics and civil
engineering for its properties. While various fillers have been studied to enhance me-
chanical properties of PMMA, the impact of sand as a filler has been less explored.
This study investigates the effects of varying sand content on the mechanical proper-
ties and workability of PMMA-based resin composites, assessing their suitability for
biomechanical applications. Specimen types with different sand contents (0%, 26%,
30%, and 52%) were examined through the cone spread test for workability, uniaxial
tension tests for mechanical properties, and the finite element analysis (FEA) to sim-
ulate material behavior. Results were validated against numerical models to evaluate
consistency. Adding sand significantly increased the Young modulus by 108%, 174%,
and 286% for sand contents of 26%, 30%, and 52%, respectively, while decreasing
the Poisson ratio. However, increased sand content reduced workability, highlighting
a trade-off between mechanical strength and ease of handling. Numerical simulations,
covering the sand volume ratio from 1% to 52% in 1% increments, showed that predic-
tive accuracy varied: differences were up to 20%, for volume ratio up to 30%, while for
contents above 30%, the discrepancies between model predictions and experimental
data were below 5%. Incorporating sand into PMMA resin enhances its stiffness and
suitability for biomechanical specimen testing. Sand-filled PMMA composites show
promise for advanced engineering applications, though further optimization is needed
to balance workability and mechanical strength.

Key words: polymethylmethacrylate (PMMA), composite materials, mechanical
properties, uniaxial tension test, Digital Image Correlation DIC, numerical modelling.
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1. Introduction

POLYMETHYLMETHACRYLATE (PMMA) IS WIDELY USED IN THE FIELDS of
biomechanics [1], medical |2, 3], civil engineering [4], and electronic research [5, 6.
Its versatility stems from exceptional properties such as transparency, lightness,
and resistance to weathering, making it a preferred material for many advanced
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engineering and medical applications. Research on the modification of PMMA
with nanoparticles opens new avenues for creating composites with enhanced
electrical, optical, and mechanical properties, significantly broadening its appli-
cation in modern technologies [6, 7]. The introduction to the synthesis and ap-
plications of PMMA in nanotechnology, biomaterial engineering, and electronics
underscores the material’s ongoing evolution and increasing significance.

Research on synthetic resin composites filled with sand has highlighted their
varied mechanical and thermal properties [8-12]. It has been discovered that
these properties can significantly change with the introduction of nano-silica
particles and other modifications to the resin composition |5, 13, 14]. Addition-
ally, analyses of the effects of diverse types of resins, hardeners, and diluents on
the workability of resin mixtures emphasize their importance for potting pro-
cesses [16].

In experimental studies related to biomechanics, PMMA resin is frequently
chosen for embedding specimens [17-20]. Attaching biological samples directly
to the standard clamps of a testing machine is challenging due to their complex
geometry and soft structure. Therefore, it is necessary to use a potting compound
that adapts to the shape of the specimen and ensures a proper grip in the
testing machine. Such a potting material needs to have high stiffness and strength
compared to the stiffness and strength of the tissue itself. The diversity of tissue
types suitable for biomechanical testing, coupled with the broad spectrum of
potential results within even a single tissue category, underscores the necessity
for a comprehensive statistical analysis. The variability of the results mandates
the use of a substantial number of samples to ensure the reliability of the testing
outcomes. Consequently, there is a critical need to refine the potting process for
embedding these samples.

In composite material research, the Finite Element Method (FEM) is often
utilized [21-23|. This allows for a detailed analysis of stress states within the
material structure and the determination of effective mechanical properties. For
example, in studies [24, 25|, a heterogeneous material was examined, which fa-
cilitated the determination of Young’s modulus and other characteristics. Such
numerical studies always require experimental confirmation to validate the model
and to identify reference values to which the model should converge [26, 27|. The
test providing the most interpretable results is the uniaxial tensile test, from
which Young’s modulus and Poisson’s ratio can be determined, using modern
measurement techniques such as Digital Image Correlation, as seen in [28]. The
aim of this study is to investigate the impact of using sand as a filler in a PMMA
resin mixture for applications in biomechanics research. The study intends to
combine experimental and numerical research to determine how filler affects key
mechanical parameters and the workability of the material, which is crucial for
embedding samples. A novel aspect of this research is the increase of resin stiff-
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ness through the addition of sand, leading to reduced displacements of the resin
pot in the testing machine, which could enhance the precision and reliability of
biomechanical tests. Additionally, this modification results in a cost-effective use
of materials, offering economic benefits alongside technical improvements.

2. Experimental methods
2.1. Material and sample fabrication

Mechanical testing utilized dog-bone shaped specimens, designed in compli-
ance with ASTM D638 [29] (type IV) specifications, as depicted in Fig. 1. These
specimens measure 121.5 mm in length with a minimum rectangular cross-section
of 6 x 10 mm?.

L 44.9 | |mm]

=

Fi1G. 1. The geometry of a tensile sample.

The specimens were crafted from PMMA resin (Technovit 3040, Heraeus
Kulzer, Wehrheim, Germany [30]). According to the manufacturer’s guidelines,
the resin should be mixed at a ratio of 2:1, using Technovit 3040 Powder and
Technovit Universal Liquid. The specifications for the resin, corresponding to the
previously mentioned 2:1 powder to the solvent ratio, are detailed in Table 1.

TABLE 1. Specification of Technovit 3040 resin.

Solidification time [min]| 8-10
Density [g/cm?®] (DIN53479) 1.18
Resilience [kJ/m?] (DIN 13907) 7.1
Bending strength [N/mm?| 96
Compressive strength [N/mm?] 110
Young modulus [MPa] 2000-2300

In this study, we created four distinct mixtures, illustrated in Fig. 2: a con-
trol mixture using Technovit 3040 Powder (designated as mixture M1) and three
additional mixtures incorporating varying amounts of CEN EN 196-1 standard
sand [31], labelled as mixtures M2, M3, and M4. For each distinct mixture, we
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M1#3
M2#2
M4#2
M4#3
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M4#
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Fia. 2. Overview of tested sample variants: 12 samples across 4 mixture types.

prepared three samples, ensuring a robust data set. Table 2 presents the theoret-
ical composition of these mixtures, showing the quantity of ingredients utilized
prior to accounting for any losses during the sample moulding process. The need
for a higher ratio of liquid to powder in the mixtures containing sand was to
achieve a fluid consistency before the mixtures solidified. The table also indicates
the volume ratio of sand and zeolite in the mixture. To counteract sand sedi-
mentation at the bottom, 1g of zeolite was added to each of the sand-containing
samples. We also investigated the solidification time of these mixtures, conduct-
ing the process in a stable environment with a temperature of 24 degrees Celsius
and 37% humidity level. The content percentage was determined by compar-
ing the weight of sand and zeolite to the post-solidification weight of the entire
sample. All samples were shaped using silicone moulds.

TABLE 2. Composition of PMMA samples with varying sand and zeolite contents.

Mixture | Powder | Liquid | Sand | Zeolite | Sand and z'eolite Samples No. Avg. der}sity
D | gl | [g) | [g) | lel |volume ratio [%] lg/om’]
M1 12 65 | 0 0 0 M1#1, M1#2, M1#3|  1.08
M2 10 65 | 6 1 ~ 20% M2#1, M242, M2#43 1.35
M3 7 5 | 11 1 ~ 36% M3#1, M3#2, M3#3 1.54
M4 5 4.5 16 1 ~ 52% M4#£1, M4#£2, M4#3 1.73

2.2. Workability test

The consistency/workability [16] of each mixture type was assessed utilizing
a scaled version of the cone method, traditionally employed in laboratories to de-
termine the workability of cement mortars based on mixture flow, in accordance
with the PN-EN 13395-1 [32]. A cone with dimensions of 40 mm in bottom diam-
eter, 23 mm in top diameter, and 20 mm in height was used. Following the filling
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F1ac. 3. The spreads after solidification.

of the cone with the mixture, its removal allowed for the measurement of the
mixture’s spread in two perpendicular directions. The spreads after solidification
are depicted in Fig. 3.

2.3. Tensile test

Tensile testing was performed on four distinct sample types, each made from
a resin mixture with varying amounts of sand. For each mixture type, three sam-
ples were tested using a Zwick/Roell Z10 universal testing machine (Zwick/Roell
GmbH & Co. KG, Ulm, Germany). The procedure began with a 10 N preload on
the specimen, followed by applying tension at a steady rate of 0.5 mm/min until
failure. To assess strains in both horizontal and vertical directions, two virtual
extensometers were utilized, as depicted in Fig. 4. Extensometer 1, with a length
of 30 mm, recorded vertical deformations, whereas extensometer 2, measuring
8 mm in length, tracked horizontal deformations.

Fia. 4. Experimental setup (a) and configuration of extensometers (b).

3. Numerical model

To simulate the mechanical behaviour of samples composed of the epoxy resin
and sand mixture, the Finite Element Method (FEM) approach was utilized, em-
ploying ABAQUS/CAE software (Dassault Systémes, version 2023). The sample
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geometry, mirroring the base dimensions of 44.9x10x6 mm? as shown in Fig. 1,

was first generated. Using a Python script, sand particles, modelled as spheres
with diameters ranging from 0.5 to 2 mm, were randomly distributed within the
resin. This iterative process aimed to reach target volume ratios of sand to resin,
spanning from 0% to the maximum filler volume of 52% as defined in Section 2,
with increments of 1%, and ensured no particle collisions occurred.

Meshing was performed using a free mesh algorithm, resulting in a final
mesh comprising 102,517 nodes and 593,513 linear quadrilateral elements (C3D4
type) with an element size of 0.5 mm. On the interface between sand particles
and resin, nodes were shared to ensure seamless integration. Material models,
assumed to be linearly elastic, were characterized by the parameters detailed in
Table 3. The properties of the resin were derived from the experimental part of
this study. The properties of quartz were obtained from Table II of [33|, where
the Voigt—Reuss—Hill averaging method was applied. To estimate the isotropic
properties of the elastic modulus and Poisson’s ratio for our numerical model,
we averaged the three values listed in that study.

TABLE 3. Material properties for numerical analysis.

No. | Material | Young’s Modulus [GPa] | Averaged Poisson’s ratio [-] | Reference
1 Resin 2.8049 0.3831 Current
2 | Quartz 98.4367 0.0647 [33]

Boundary conditions reflective of uniaxial tensile tests were then applied, as
illustrated in Fig. 5. The value of the prescribed extension was up to €, = 2%o0 in
the longitudinal direction. The analysis was carried out under static mechanical
conditions for each volume ratio, conducting 3 simulations per ratio to determine
the average effective Young modulus FEeg, which is defined as follows:

Z?:1 Fi

AL’
AOXT@

(3.1) Eof =

where )" | F; is the total force applied along the longitudinal axis at the
boundary of the specimen, Ag denotes the initial cross-sectional area, AL is
the displacement applied in the longitudinal direction, and Lg signifies the ini-
tial length.

The transverse strain in the y-direction was determined in correspondence
with the procedure from the experimental part. The average value for the central
section of the specimen was analyzed. This section was offset by 1 mm from
each edge, resulting in an initial width of wy = 8 mm, as illustrated in Fig. 5.
The transverse strain was calculated by averaging the differences between the
deformed y-coordinates of nodes m; and m;, subtracting the initial width wy,
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Fi1c. 5. Scheme of numerical model setup.

and finally dividing by wg. The formula is expressed as:

% Z}i1(mi - ni) — Wo

3.2 —
(3.2) €y wo
The Poisson ratio was calculated as:

€
3.3 —
(33) v=-2

4. Results
4.1. Solidification time and workability

Table 4 presents the average solidification times across different sand con-
centrations in the samples. There was a strong correlation (with Pearson’s cor-
relation coefficient of 0.72) between the amount of sand and the time it took
for the samples to fully solidify. This trend suggests that as the sand propor-
tion in the mixture rises, so does the time required for the sample to completely

TaBLE 4. Solidification time of analysed mixtures.

Mixture ID | Solidification time

M1 6 min 57s + 29 s
M2 7min 15s £ 19s
M3 7min 16 s + 12 s

M4 9min 36s £ 20s
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harden. However, for the samples analysed in this study, there was also an in-
crease in the liquid-to-powder ratio, which could influence solidification time.
Therefore, establishing a direct cause-and-effect relationship between sand con-
tent and hardening time necessitates additional research. Workability tests, as-
sessing how the mixture spreads, indicated a decrease in workability as sand
content increased. Specifically, for sand contents of 20%, 36%, and 52%, there
was the respective decrease in a spread diameter of about 1%, 9%, and 9%, when
compared to the spread diameter of the sand-free mixture.

4.2. Tensile test and identification of material parameters

Young’s modulus calculations were carried out for stresses between 2 and
10 MPa. The determination of Poisson’s ratio involved using a linear function to
fit the relationship between transverse and longitudinal strains, identifying the
function’s slope as Poisson’s ratio. For samples containing 20%, 36%, and 52%
sand, there was a respective increase in the average Young modulus of 108%,
174%, and 286% compared to the modulus of the sand-free sample. Concur-
rently, tensile strength decreased by 49%, 50%, and 55% for these sand contents.
Poisson’s ratio was reduced to 69%, 68%, and 66% of its original value. Table 5
summarizes the average failure strain, failure stress, Young’s modulus, and Pois-
son’s ratio, alongside their standard deviations (SD). Figure 6a displays the
stress-strain curves for trials in the longitudinal direction, while Figure 6b illus-
trates these curves in the transverse direction. Figure 7 depicts the patterns of
failure observed.

(a) (h)

40 40
35t o a5 -
o 4 o
ol ;ll
30 /_;.;_::-’ 5"
25
T -’/
o e
=20 ’
=
15
10 « Mi#1-#3 [« Mi#1 —#3|
« M2#1-#3 = M2#1-#3|
5 .« M3#1-#3 . M3#1-#3
o Ma#1 - #3 o Ma#1—#3]
o | o g
0 0.005 0.01 0.015 0 1 2 3 4 5 &
e, [mm] ¢, [mm] 0%

F1a. 6. Stress-strain curves for all samples evaluated: (a) longitudinal strains;
(b) transverse strains.
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TABLE 5. Mechanical properties of PMMA composites with varying percentages of sand
and zeolite.

Mixture
1D

Averaged failure
strain £ SD [-]

Averaged failure
stress £ SD [MPa]

Averaged Young
modulus + SD [GPa]

Averaged Poisson’s
ratio + SD [

M1 0.0135 &£ 0.0011 | 33.5309 £ 2.2293 2.805 £+ 0.0799 0.3831 £ 0.0066
M2 0.0043 £ 0.0007 | 17.072 £+ 0.5291 5.86 £ 0.3096 0.2627 £ 0.0285
M3 0.003 £ 0.0008 | 17.3402 £ 1.651 7.6794 + 0.2226 0.262 £+ 0.0287
M4 0.0019 £ 0.0005 | 15.6976 £ 0.9381 10.8139 £ 0.9554

0.2528 £ 0.0198

o
=

4.3. FEM results

M1#2

MI1#3
M2#1

~l

RES

M3#3
M4#1

Fi1c. 7. Failure patterns of all samples.

The FEM model analysis, which incorporated a matrix of randomly placed
spherical sand particles, yielded Young’s modulus values depicted in Fig. 8.
While these values demonstrated a consistent pattern of increased stiffness with
added sand, they did not fully align with experimental observations. To quantify

12

-y
o

Young modulus [GPa]

S

[o+]

— FEM
experiment

0 10 20

30 40 50

Filler volume percentage [%]

Fia. 8. Comparison of Young modulus results for experiment and FEM.



62 R. WoLny, T. WiczeNBACH, L. PAcHOCKI, K. WILDE, M. RUCKA

the relationship between the simulated and experimental data, we linearly in-
terpolated the experimental results and calculated key statistical metrics: the
Pearson correlation coefficient (PCC), the Normalized Root Mean Square Er-
ror (NRMSE), and the Mean Squared Error (MSE). The values obtained were
MSE: 0.41, NRMSE: 0.10, and PCC: 0.99, suggesting a strong linear correlation
between the simulation and experimental findings, despite the observed discrep-
ancies in stiffness trends with an increasing sand content.

A comparison of the experimental and numerical Poisson’s ratio for specific
volume ratios is presented in the Table 6.

TaBLE 6. Experimental and FEM averaged Poisson’s ratio + SD value.

Volume | Experimental Averaged Numerical Averaged
ratio [%] | Poisson’s ratio + SD [-] | Poisson’s ratio + SD []
20 0.2627 £ 0.0285 0.3062 + 0.0410
36 0.262 + 0.0287 0.2991+ 0.02397
52 0.2528 + 0.0198 0.2968 + 0.03744

5. Discussion

This research demonstrated that the chosen ratio of components in the sam-
ples yielded a consistency suited for encapsulating biological specimens with
complex geometries, a technique that has been effectively applied in biomechan-
ical studies [18|. Increasing the sand content to 52% by volume marginally re-
duced the mixture’s ease of handling by 9%, as per the solvent ratio discussed in
the document. Adding sand significantly enhanced the resin’s Young’s modulus,
making the composite stiffer, which is beneficial for mounting biological spec-
imens. Although the tensile strength of the sand-infused resin was lower than
that of pure resin, its failure stress remained adequate for supporting biological
specimens, such as spinal ligaments. For instance, human spine ligaments can
stretch from 1 mm to 13 mm under forces up to 900 N without failing [34-36].
Real-world applications involving the resin-sand composite for spinal ligament
tests have validated these observations [18].

The possibility of reducing the powder component in favour of sand, without
adversely affecting the material’s suitability for biomechanical testing, suggests
an area for further investigation. Despite the numerical models and experimental
results agreeing on the trend of stiffness increasing with more sand, discrepan-
cies in the precise values of Young’s modulus were observed. These variances
underscore the challenges and assumptions involved in numerical modelling of
composite materials.
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Moreover, the study demonstrated the potential of Technovit 3040 resin pow-
der reduction in the preparation of biological material samples for mechanical
tests. According to the 2022 price list [30], the cost of sample preparation can
be reduced by 48.75%. What is more, the number of samples prepared can be
doubled without compromising mechanical properties.

In numerical analysis of composites, simplifications such as perfect adhesion
between the resin matrix and sand fillers, or assuming uniformly spherical sand
particles, are often necessary to simplify complex simulations. However, real ma-
terials seldom exhibit these ideal conditions. Factors such as the bonding quality
at the particle-matrix interface, variations in particle size, and the presence of
voids or imperfections significantly affect the composite’s mechanical properties
but are frequently simplified in simulations [37].

Furthermore, representing sand particles as spherical in the finite element
method (FEM) models might not capture the true, irregular shapes found in the
resin, potentially altering the predicted stress distribution within the composite.

The discrepancy in Young’s modulus values between the experimental and
simulation results at a 20% volume fraction of sand can be attributed to a non-
uniform distribution of sand particles in the experimental specimen. Because
liquid PMMA has a lower density than sand particles, the inclusions tend to
settle at the bottom during preparation, leading to localized densifications that
increase stiffness in those regions — effects that standard modeling assumptions,
which presume a random distribution of inclusions, cannot predict. In the exper-
imental setup, virtual extensometers observed the bottom face of the specimen,
capturing these localized increases in stiffness. In contrast, the numerical model
distributes the inclusions more uniformly throughout the specimen, failing to
account for the stiffness variations caused by particle settling.

6. Conclusions

This study has shown that it is both feasible and advantageous to enhance
the mechanical properties of PMMA for biomechanical uses by incorporating
sand. This modification not only increases the stiffness of the material, making
it better suited for embedding biological specimens, but it also offers a more
cost-effective and potentially more environmentally friendly alternative to pure
PMMA. Although accurately modelling the composite material poses certain
challenges, the encouraging agreement between experimental and numerical find-
ings underscores the efficacy of numerical analyses in predicting the behaviour of
PMMA-sand composites. Future research should concentrate on optimizing the
numerical models to better understand the composite’s behaviour and extend
its applications in biomechanical engineering.
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In the paper the mechanical behavior under low (0.5 s~1) and high-strain rate (50 s-1) of four human
cervical spine ligaments, anterior longitudinal ligament (ALL), posterior longitudinal ligament (PLL),
ligamentum flava (LF), and capsular ligament (CL), harvested from elderly donors (70-90 years) is
investigated. Results highlight that the PLL, LF, and CL exhibit statistically significant increases in
stiffness and elastic modulus under high-strain loading. An increase in the failure force was observed
only for the PLL and LF at 50 s~1. Meta-regression analyses revealed that age exerts a negative
influence on certain mechanical parameters, emphasizing the need for age-matched biomechanical
data in both clinical and computational studies. A visco-hyperelastic constitutive model was fitted to
the experimental stress-stretch curves, capturing both low-strain and high-strain rate responses with
high goodness-of-fit metrics. Presented results advance understanding of ligament mechanics in older
populations and offer valuable data for improving mathematical models aimed at injury prediction,
particularly for high-impact events.

Keywords Human cervical spine ligaments, Strain-rate dependent mechanical properties, Visco-hyperelastic
constitutive law, Biomechanics

Cervical spine ligaments, including the anterior longitudinal ligament (ALL), the posterior longitudinal ligament
(PLL), the ligamentum flava (LF), and the capsular ligament (CL), are critical for maintaining the structural
integrity and functionality of the neck!. They can be subjected to complex mechanical forces with strain-rates
varying from relatively low, typical for usual daily activities, to high, occurring in sudden, high-velocity events
like, e.g., sport-related impacts, falls, or car crash accidents. Sudden and unexpected spine movements that
exceed the physiological range can cause ligament damage?. Thus, accurate identification of specific stress and
strain thresholds that lead to ligament rupture is crucial for the effective design of spinal protection devices and
safety features in vehicles, such as seat belts and headrests>*.

To date, the mechanical response of human cervical spine ligaments has been studied under low'~~" or
high-strain rate®®. However, the analysis of the influence of strain rate on their properties is limited'%-12. In'? it
was considered for a younger population only. While in!! relatively low-strain rates were investigated, and in'?
only two ligaments from an unspecified population were investigated. Consequently, despite their increased
susceptibility to injury, older individuals have received comparatively less attention in the investigation of
viscous properties. This emphasizes the need to extend the study of both the strain-rate effect and ageing on
ligament biomechanical properties. The ageing population presents unique challenges due to age-related changes
of biomechanical properties, such as reduced elasticity, altered collagen composition, and decreased cross-
sectional areas, which can affect injury patterns and recovery processes'”. Understanding how the mechanical
behavior of cervical spine ligaments changes with age is crucial for developing more effective injury prevention
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and treatment strategies for the elderly population, who are at a higher risk of sustaining cervical spine injuries
due to factors like decreased muscle strength and balance.

Nowadays, the development of these strategies can be successfully supported by numerical simulations.
Indispensable tools in this field are the human body models (HBMs), such as the Total Human Model for Safety
(THUMS) and the VIVA+*14-16, They aim to simulate the response of the human body under various loading
conditions and are often used in analyses of advanced safety systems, like airbags or road safety barriers, etc®.
These models provide information about the complex mechanisms underlying injury without the ethical and
practical constraints associated with cadaveric testing!”. However, the accuracy of HBMs is limited by the
biomechanical data they incorporate. These limitations are related especially to the geometry and material
parameters of the tissues and organs. Most existing HBMs are based on data derived from younger cadavers
and simplifying assumptions, which do not adequately capture the nuanced biomechanical properties of tissues
in older populations'®. Incorporating accurate, age-specific biomechanical data into HBMs is, therefore, crucial
for enhancing their predictive accuracy and ensuring their relevance across diverse anthropometric groups.
Thus, age-related alterations in ligament structure and function warrant further investigation. To the best of the
authors’ knowledge, previous studies have not comprehensively described the strain rate effect on the mechanics
of cervical ligaments and their properties under high-strain rates typical of real-world injuries>®!? in the elderly
population.

Taking the above into account, this work presents an investigation of the low-strain and high-strain rate
tensile response characteristics of cervical spine ligaments from older adult cadavers?®. The study involves
experimental tensile testing of ligament samples, followed by developing a potential constitutive model that
accurately matches the observed experimental data. In the authors’ opinion, the anticipated outcomes of the
work can serve as a valuable support across a range of practical fields, such as e.g., the design of therapeutic and
injury prevention techniques for the elderly population and improvements of vertebral column models in in
silico studies, including those with HBMs!41>21:22,

Materials and methods

Gratitude to the body donors and their families is conveyed in the Acknowledgements in accordance with the
guidelines of?*. All cadavers analyzed in this work were acquired through a body donation program, following
consent for use in educational and scientific activities. The study protocol received approval from the Institutional
Ethics Committee (IRB reference: Ordinance No. 26/2016 of the Rector of the Medical University of Gdansk,
dated June 6, 2016, concerning the “Program of Conscious Donation of Corpses”). A total of seven human
cervical spines (mean donor age 78 years within a range 70-90) were obtained. The donor group comprised
two males and five females, with an average weight of 78 kg (range 60-90 kg) and an average height of 172 cm
(range 150-190 cm). Within 24-48 h postmortem, specimens of 15 ALL, 17 PLL, 13 LF, and 29 CL were isolated.
Only those ligaments without any detectable pre-existing bone or soft-tissue pathology were included. Relevant
anthropometric data, specifically age, gender, weight, height, and autopsy details, were collected and recorded
for each donor in Table 1.

Specimens

Preparation

Each spine was harvested through a posterior approach. Two sagittal skin incisions were initially made,
positioned 30-40 mm lateral to the posterior midline on each side of the spine. This incision extended from
the occipital bone to the sacrum. The skin flap, along with underlying subcutaneous tissue, was dissected and
excised. Subsequently, the dorsal muscles were detached from their cranial attachments. The muscles spanning
the spinous processes, including the dorsal extensor muscles, were systematically dissected and removed. Next,
the atlantooccipital and sacroiliac joints were resected. The ribs were transected approximately 10 mm lateral to
the transverse processes, and the sacrum was horizontally sectioned at the S2/S3 level. The quadratus lumborum
muscles were also debrided. Following these procedures, the entire spine was extracted and examined from an
anterior view, with particular attention to the diaphragm and the psoas major muscles.

The spine was then lavaged three times with chilled saline (0.9% NaCl) at approximately 6 °C, each lavage
lasting 15 min. The vertebral column was segmented after removing the short muscles and excising remnants
of ribs at the costovertebral joints. The isolated segment of the entire cervical spine (C2-T1, with Ci and Ti
standing for the i-th vertebra of the cervical and thoracic spine, respectively) was divided into functional spine

Sex, | Weight*, | Height*, | Age, | Strain rate,
Cadaver No. | m/f | kg cm years | Low/High | Number of Samples
1 m 90 190 90 High 6
2 m 80 180 73 High 12
3 f 90 175 70 Low 11
4 f 90 175 75 Low 12
5 f 65 170 78 Low 13
6 f 70 165 84 High 6
7 f 60 150 76 High 14

Table 1. Cadaver demographic and anthropometric data *rounded to the nearest multiple of 5.
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Fig. 2. Determination of the initial length for ALL in a CAD environment

units (FSUs). First, the intervertebral discs were cut, then the ligaments were dissected, and the facet joints were
excised every other level, resulting in three FSUs named as C2-C3, C4-C5, and C6-C7.

Next, the obtained vertebra-disc-vertebra units were dissected to obtain the desired bone-ligament-bone
(BLB) specimens (see Fig. 1). From each segment, the ALL, PLL, LE, and CL (left and right) were collected. The
ligaments were then cleaned of fatty tissue. The ALL and PLL were separated from the bisected intervertebral
disc. The nucleus pulposus was removed first, after which the annulus fibrosus (AF) was separated from the
vertebral bodies along both the superior and inferior cartilaginous endplates (CEP). Final dissection of the AF
from the deep layers of the longitudinal ligaments was initiated from the lateral aspects, taking into account
morphological differences in fiber structure and orientation between the longitudinal ligaments and the AE
While the AF is characterized by a lamellar architecture with circumferentially arranged fiber bundles, the
longitudinal ligaments consist of longitudinally oriented fiber bundles. The ligaments were then cleaned of fatty
tissue. Preparation of the vertebral column and ligaments was performed by experienced anatomists using sharp
and blunt techniques and a variety of dissection instruments. Each of the obtained samples was wrapped in
multiple layers of lignin soaked in isotonic saline solution, then placed in a string bag and frozen at —20 °C.

Geometry measurements

The boundaries of the ligaments were identified by an anatomy specialist through visual assessment of tissue
texture, a tactile evaluation of differences in stiffness, and an analysis of the displacement range during the
rotation of bone fragments. The initial length [ of the ligament was assumed as the average distance between
the bone attachments. To determine this, the boundaries of the ligaments were marked at the edge of the bone
using a copying pencil, and the specimens were subjected to an initial preload of approximately 50 g. Next,
photographs were taken from both sides of each specimen with the camera mounted on a tripod. The camera
was aligned so that its optical axis was as perpendicular as possible to the background reference ruler. These
photographic images were then uploaded to a computer-aided design environment (AutoCAD, Autodesk, Inc.,
USA) for further analysis. The images were scaled to their true size using a ruler with 1 mm divisions. The
midlines of the marks were drawn with polylines whose width was set to 0. The boundary of the tested ligament
is indicated by the green line in Fig. 2. A vertical array of black lines was drawn at 0.5 mm intervals, and the
distance between boundaries was measured along each line. The initial length [ was subsequently defined as the
mean distance averaged across all such lines with 0.1 mm precision and was used to calculate the specimens’
stretch A . Following the approach described in reference!’, the cross-sectional area A of each sample was
estimated using the length-to-area ratio r. The ratios r for all ligaments were determined based on the mean
values from the study’. For the LFs, and CLs, the relevant length corresponds directly to the initial length I.
However, for the ALL and PLL, the relevant length is defined as the distance between the centers of adjacent
vertebrae. For these ligaments, the centers of the vertebrae were identified as the midpoint of the distance
between the ligament attachments to the vertebrae, and the inter-centroid distance was subsequently measured
within the graphical software”®1°,

Mounting to the testing machine
The samples were removed from the freezer and placed in saline for approximately one hour. To mount the BLB
samples in the testing machine, the specimens were placed into 3D-printed PLA cups®* and potted using resin
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(Technovit 3040, Kulzer GmbH) mixed with sand (CEN EN 196-1 standard)?®. To enhance friction between the
bone and the resin and to mitigate damage associated with boundary effects, the BLB complexes were reinforced
as shown in Fig. 3. For ALL and PLL, sandpaper was applied to improve grip. Additionally, two cable ties were
used to compress the vertebral body longitudinally, and circumferential wire wrapping was used for further
stabilization (see Fig. 3A and B). For the LF, a centrally positioned steel screw was inserted into the middle of the
bone (Fig. 3C), along with longitudinal reinforcement using cable ties. The CL BLB complexes were reinforced
both circumferentially and longitudinally using wire ties (see Fig. 3D).

The casting of the reinforced samples was conducted as follows: for the ALL and the PLL samples, the cups
were filled up to the level of the ligament attachment. For the LF, the cups were filled to completely cover the
centrally positioned screw. Similarly, for the CL, the resin mixture was added to cover all applied reinforcement.
During the curing process, the samples were wrapped in saline-soaked lignin to maintain moisture. After 15 min,
the opposite side of each sample was mounted following the same procedure. Once both sides were prepared, the
samples were wrapped in several layers of plastic stretch film and stored in a refrigerator at approximately 5 °C
for 24 h to ensure complete curing.

Tensile tests

Low-strain rate

Before testing, the samples were removed from the refrigerator and immersed in physiological saline solution.
Then samples were mounted in the tensile testing machine and subjected to an initial preload of 5 N tensile
force, applied at a strain rate of 0.5 s™'!%. Subsequently, the samples were allowed to relax for 60 s?°. Then,
preconditioning was performed, which involved 60 cycles of 10% strain ( 0.1[) at a frequency of 1 Hz, followed
by a 60 s recovery period. During the tensile testing phase, the samples were continuously strained at a rate of 0.5
s™! until complete rupture. All tests were conducted in an environmental chamber (see Fig. 4B) maintained at a
constant temperature of 36.6 °C and a minimum relative humidity of 95%.

The tests were carried out using a custom-designed machine (Patent application: P.443948) (see Fig. 4A). This
device features an AC stepper motor (Leadshine ELM-0400LH60F-SS-400 W) controlled by a servo controller
(Leadshine ELP-RS400Z, 0.001 mm accuracy), which is connected to alinear module (YR-HGWS60K SFU1605).
Force data were acquired from three bottom-mounted load cells (Utilcell M140, up to 1500 N). The displacement
of the load cell (bracket) was recorded using a servo controller and a universal amplifier HBM QuantumX
MX840A (Hottinger Baldwin Messtechnik, Germany) with Catman Data Acquisition Software.

High-strain rate

The high-strain rate tests were conducted using a modified version of the custom-designed tensile testing
machine described in the previous section (see Fig. 5). The top-mounted load cell (bracket) was replaced with a
rigid bracket. A steel guide with an absorber was installed through the hole in the rigid bracket. Preconditioning
and data acquisition were carried out in the same way as described in the low-strain rate test section. To avoid
eccentric position of the sample, a 3D-printed stabilizer with leveling screws was used. During the high-strain
rate tensile test, the machine accelerated the rigid bracket to a strain rate of 50 s™ and maintained this value until
the sample completely ruptured. The test configuration required a modification of the environmental control
procedure. Instead of an environmental chamber, the specimens were stored in physiological saline solution
at 36.6 °C immediately prior to testing. The entire main test was conducted within 10 min of removing the
specimen from the solution.

Force-displacement post-processing

The post-processing steps described below were carried out in a custom Python script. A standardized post-
processing procedure was implemented to extract characteristic regions and points from low-strain and high-
strain rate ligament tensile tests. The raw force-displacement curves were segmented based on the well-established
three-phase response of ligamentous tissue: (1) the toe region (from the initial point to the I transition point),
(2) the linear region (between the I and II transition point), and (3) the sub-failure region (spanning from the
II transition point to the failure point) (see Fig. 6)!'*”. These points (initial, I transition, II transition, and the
failure points) were systematically identified using a multi-step computational method, summarized as follows.

Fig. 3. Reinforcement of bone parts. (A) ALL - front view, (B) PLL - front view, (C) LF - front view, and (D)
CL - side view
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Fig. 5. Experimental setup for high-strain rate test: (A) custom-made machine (B) sample view

The raw data (displacement A u and force F') were smoothed with Savitzky—Golay filters to obtain a
stable derivative of the force signal. An onset index of relevant data was established by requiring that both the
smoothed derivative and the force exceed specified thresholds for a persistent window of samples. Additional
points before the onset index were included in the clipped data to retain enough data for subsequent filtering.
Then, the load-displacement curve was trimmed slightly beyond the peak force to ensure that the clipped data
included the full ligament test.

Next, the clipped data were processed using a fifth-order, two-pole, Butterworth low-pass filter and an
adaptive cutoff frequency selection approach. Cutoff frequencies were determined by integrating the Energy

Scientific Reports|  (2025) 15:40139 | https://doi.org/10.1038/s41598-025-23918-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

120
100 4 Raw Data Failure Point
Linear Function |

80) - Linear Region
=
o 60 4 11 Transition Point
= #
g
&40 A ;

® [ Transition Point
20 -
01@ Initial Point
Ll L] L L] T I

0.0 0.5 1.0 L5 2.0 2.5 3.0 3.5
Elongation, mm

Fig. 6. Typical points of force-elongation curve

Spectral Density of the force signal until 95% of the energy was captured?. Additionally, a maximum cutoff
frequency of 300 Hz was adopted to consider the physiological limitations of wave propagation in soft tissues
based on SAEJ211 guidelines®. This hybrid approach suppressed measurement noise, without attenuating the
relevant mechanical response. After filtering, indices corresponding to the initial point and failure point were
identified in near-zero derivative regions to eliminate redundant data associated with machine stabilisation or
late-stage noise.

The linear region for identifying the I and II transition points (see Fig. 6) was found by a binary search that
located the largest segment exhibiting a linear fit (adjusted R* > 99.5%) above a threshold. The segments from
early toe and later sub-failure regions were excluded by imposing displacement bounds.

Averaging of experimental curves

The displacement increment A u was used to calculate each specimen stretch value with the following formula
A = 22 where [ is sample’ initial length. To obtain the corresponding stress value P = £ (the engineering
stress), force F' value was divided by sample’s initial cross-sectional area A. Characteristic points (I and II
transition points) on the stress-stretch curves were averaged to obtain average ligament curves up to the averaged
II transition points. Then, a linear function was fitted between the averaged I and II transition points, whereas
the average tissue response between the initial point and the I transition point was captured by an exponential
convex function, maintaining C' continuity with the linear function and ensuring a non-decreasing trend.

Transversely isotropic visco-hyperelastic constitutive model
The ligament structure is conceptualized as a composite material consisting of a base extracellular matrix
strengthened by embedded collagen fibers.

The hyperelastic potential function, W¢,, is split into the matrix W$, and fibers W§ parts"*’;

We, (fl,J, 54) — W, (}1,J) - We (}4) , (1)

where J = det (F) is the Jacobian of deformaTtion gradient F, variables Li=tr (C), Ii= Ao : C are

invariants of right Cauchy-Green tensor C= 14: f‘, in which 1<:= J 7%F, and Ap = ag ® ag is the fiber

direction tensor in initial configuration.
A Neo-Hookean model was used to describe the matrix part Wg,3! with volumetric term suggested by
Martins et al.*2, resulting in:

an(}hJ):ClO (1_1 —3> -l-DL(J—l)Q7 (2)
1

where Cio = 0.5, p isashear modulus in MPa, Dy = % is a compressibility constant in MPa!and K in
MPa represents the bulk stiffness®®. For incompressible materials, D1 can be also calculated using:

C3(1—2w)
Dl*u(1+l/)’ ®)

where v is the Poisson ratio.
The polynomial function capturing the behavior of the fibers is expressed as:
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The viscous isochoric component 1 i is associated with both the matrix, and the fibers, characterized by the
material constants 7 ;, 1) 5, respectively. The contributions from these terms are added according to the method

prop()sed by30,34,35:
Mm(hb’h’k)_M"(h“b)*w?(h,tfs) 5)
Tl nlb(h_g’ L< 1
ll);,so (Il,JQ,[47J5) — ) \ ) ) 2 37 (6)
nyJ2 (h 3>+é772 Js ([4 1) 7 Ii> 1

-2 -2
where Jo= %tr <'C ) and Js= Ao : C are viscous invariants of derivative of the right Cauchy-Green
. + T T . .

tensor C=F F +F F. The terms are influenced by the square of G guaranteeing a dissipation potential
that is positive-definite and responds to the magnitude of the strain rate, independent of its direction®%*.
Material parameters identification for uniaxial stress state

For the considered material model, five unique material parameters ( Ci9, C2, Cs, 1, and 7 ,) must be
established. In the present study they are identified via curve-fitting procedure by making use of the experimental

data from uniaxial tensile tests up to Il transition point. Denoting the displacement direction as 1, which is the fibers
direction, the uniaxial stress state expressed in terms of engineering stress P11 yields P11 > 0, Pos = P33 = 0.

Assuming material incompressibility (u ~ 05, J=1LA1=X,A2=A3= \%) the invariants defining

the energy function read:

11:,\2+A3, I =)\2, 7
J2:X2(2A2+%),J5:45\2A2. )

The first principal value of the engineering stress P;, which is used for fitting procedures can be obtained from
the following chain rule®:
OW§, 0L  OWi,dly 0V, 0Jo 0V, 0Js

WS 9n On T 0L dx T 0d ax T 9 ox

€)

Finally, using Eq. (9) together with the energy functions Egs. (2), (4), (6) and Egs. (7), (8), the expression for
Py is obtained as follows:

Pu=2) [Cug (17%)+2CQ()\271)+403(/\271)3] o
10

\ 2 1 2, 2 2(y 2 2

w24 oy (2374 ) (V5 —3) F 2 a2 (37 -7

The material constants were determined by fitting the equation (Eq. (10)) through a nonlinear least-squares
method (Python’s scipy.optimize library) to the experimental data up to the II transition point stretch value
(A ).

While fitting the (Eq. (10)) to the low-strain-rate data (0.5 s™") the assumption of negligible viscous effects
(11, 15~ 0)was made, leading to the determination of three unique material constants ( C1g, Ca2, and C3).
Additionally following constraints were made:

1. Bounds: The shear modulus was assumed to be p € [0.2;2.5] MPa, implying C10 € [0.1;1.25] MPa
consistent with range reported in the literature!*> and basing on the authors’ experience that lower values
than 0.2 MPa of shear modulus may lead to numerical instabilities in FEM simulations,

2. Convexity Condition: C'1o, C> and Cs to be positive, ensuring the convexity of the energy functions,

Energy Ratio Penalty: a penalty term to enforce \YVV;“ < 0.5 at the second transition point, to maintain a

fiber-dominated response at higher stretches?. If this condition was satisfied, the penalty remained zero;
otherwise, it was set to a high value (e.g., 100).
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For the high-strain (50 s™') rate data viscous effects were included in the model, resulting in a set of five
constants (C1o, C2, C3, 1, and 7 ,). The following assumptions were implemented during the curve-fitting
procedure:

1. Parameter Penalty: A penalty term was introduced to ensure that the mean values of C1o, Co, and C3
remained close to those determined at the low-strain rate (0.5 s™).

2. Bounds: The minimum and maximum values of C19, C3, and C3 derived from the low-strain rate (0.5 s™)
dataset were used as parameter bounds.

3. Convexity Condition: The parameters 7 ; and 7 , were constrained to be positive, thereby maintaining the
convexity of the energy functions.

4. Energy Ratio Penalty: Analogous to the low-strain-rate fitting, an additional penalty was imposed at the
second transition point to enforce % < 0.5, where.

5. Wh=/[2"PY,,dx and WY = [ 2Py ;dA.

The Adj. R% normalized root mean square error (NRMSE), and normalized mean absolute error (NMAE)
metrics were used to evaluate the agreement between the experimental data and the fitted model.

Statistical analysis

Statistical analysis was performed using the statsmodels library in the Python environment®’. In this analysis, the
results of ligament stiffness, elastic modulus, failure force, and failure stress were compared under two loading
conditions — low-strain and high-strain rate. For each ligament group, the mean and standard deviation were
calculated, providing an initial assessment of the measurement characteristics. To evaluate the significance
of differences between the loading conditions, statistical tests were applied: if the data exhibited a normal
distribution (as confirmed by the Shapiro-Wilk test), a Welch’s t-test was performed; otherwise, the non-
parametric Mann-Whitney U test was employed.

Results

Experimental results and post-processing

The geometric and mechanical properties of four cervical spine ligaments under low-strain and high-strain
loading conditions are presented in Table 2. The parameters include cross-sectional area A, initial length I,
stiffness (slope in the linear region of the F( A u) curve), and elastic modulus E (slope in the linear region of
the P11 (A1) curve). Additionally, failure force F, represents the load at ligament rupture, while failure stress
corresponds to the Pp; s value at failure. Transition points I and II, determined via the procedure outlined in
Sect. 2.2.3, are reported in terms of the displacement ( A u) and force at each point. The mean length of the
cervical spine ligaments ranged from 6.4 mm to 9.9 mm, while the mean failure force F, ranged from 118.6 N
to 247.9 N. Among the ligaments examined, the highest modulus of elasticity was féund in the posterior
longitudinal ligament (PLL) (72.81 MPa at high-strain load), while the lowest value was found in the capsular
ligament (CL) (8.59 MPa at low-strain load). Sample dimensions and mechanical properties of the ligaments,
expressed as medians and quartiles, are provided in the Appendix.

Statistical analysis

Statistical analysis of mechanical properties was performed using quasi-static loading conditions as the baseline.
Along with the percent change, Table 3 lists the corresponding p-value and the effect size (Cohen’s d or Cliff’s
§ in the nonparametric case). In the Table 3, N stands for the number of samples, whereas S denotes the low-
strain rate test, and D the high-strain rate test. The percentage change was computed as A = @ x 100%.

Welch’s t-test was applied in all comparisons except for the failure force (F,) in the CL group, where Mann-
Whitney’s U test was chosen due to non-normal data. A statistically significant effect of strain rate on stiffness

I transition point II transition point
d, E d, E E, E, Pi1,5,
Lig. | Strain Rate | Area, mm? | Length,mm | mm N mm N Stiffness, N/mm | MPa N MPa
12.8 6.4 0.86 414 2.23 170.15 106.36 52.48 16.37
ALL | Low +23 +1.9 +0.54 +33.8 +0.66 +49.67 £22.05 +1424 212.26271.90 | | 575,
. 13.7 7.8 0.94 4528 1.63 103.16 85.65 50.39 12.86
ALL | High +23 +1.1 +0.42 +25.79 +0.56 +46.55 +28.84 £22.39 174.69£69.11 |, 4 66
13.9 6.4 0.95 36.42 2.16 138.87 85.06 39.21 11.43
PLL | Low +27 +15 +0.84 +26.24 +0.95 +68.26 +20.57 +1034 1512946568 | 55,
. 14.3 8.8 128 65.56 2.03 146.44 116.56 72.81 18.37
PLL | High +23 +1.6 +0.6 +41.77 +0.6 +55.13 +31.88 +25.17 247.89213023 | | 1) 35
LE |Low 499487 |9.9+16 1.6320.85 | 3841+19.18 | 2.720.82 | 101.84+27.57 | 65.96+30.33 13.1%5.67 | 135275423 |2.71£1.03
LF | High 460469 |89+19 0524024 | 257141442 | 121203 | 107.83445.53 | 117.64£3136 | 22.95+7.25 | 163.42+50.11 | 3.58+1
CL |Low 456484 |69+09 0.75+0.69 | 163546.62 |223£1.08 | 90.4+40.54 |5558+22.05  |8.59+3.6 |13044%52.38 |2.85+0.88
CL |High 473498 |73%11 0.75+025 | 27214878 | 1434044 | 79.32£29.9 | 82.34+30.49 12864502 | 118.6+45.05 |2.61=1.21

Table 2. Geometric data and mechanical properties of ligaments expressed as the mean (+ SD)
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Lig. | Mechanical Property IS\;D %A’ p-value | Effect size
Stiffness, N/mm 6/9 | -19.47 |0.14 -0.78
E, MPa 6/9 |-398 |[0.83 -0.11
ALL F,N 6/9 | -17.70 | 0.34 -0.54
P11, f,MPa 6/9 | -21.45 |0.12 -0.82
Stiffness, N/mm 8/9 37.03 0.03* 1.16
E, MPa 8/9 |85.68 |[0.00¢ |1.71
PLL F,N 8/9 |63.86 |0.07 0.92
Py, 5, MPa 8/9 |60.75 |0.13 0.76
Stiffness, N/mm 6/7 7835 |0.01* 1.67
E, MPa 6/7 |7513 [0.02* |1.50
LE F.N 6/7 |20.81 |[0.36 0.54
P11, 5, MPa 6/7 [32.02 |0.15 0.86
Stiffness, N/mm 16/13 | 48.15 0.01* 1.02
E, MPa 16/13 | 49.58 |0.02* |0.99
cL F,N 16/13 | -9.08 | 0.74 -0.08
P11, 5, MPa 16/13 | -8.40 | 0.56 -0.23

Table 3. The results of the statistical analysis of mechanical properties *statistically significant p < 0.05.
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Fig. 7. Boxplots of the hyperelastic parameters ( C10, C2, and C3) for 0.5 g7t experimental data

Ligament | Adj. R* NRMSE NMAE

ALL 0.9928+0.0064 | 0.0242+0.0125 | 0.0198+0.0099
PLL 0.9902+0.0086 | 0.0278+0.0117 | 0.0235+0.0106
LF 0.9920+£0.0109 | 0.0225+0.0167 | 0.0197+0.0151
CL 0.9852+0.0125 | 0.0367+0.0163 | 0.0305+0.0143

Table 4. Mean + SD goodness-of-fit metrics for the hyperelastic model fitted to the low-strain rate data for
individual specimens

and elastic modulus (marked with an asterisk) was identified in the PLL, LF, and CL groups. Specifically, stiffness
and elastic modulus in the PLL group rose by 37.03% and 85.68%, respectively; in the LF group, they increased
by 78.35% and 75.13%; and in the CL group, both parameters increased by 48.15% and 49.58%, respectively.

Constitutive parameters

The boxplots of three hyperelastic parameters ( C1o, C2, and C') identified from low-strain rate tests (0.5 s™*)
are presented in Fig. 7 for each ligament type (ALL, PLL, LF, and CL). Each boxplot shows the inter-quartile
range (box), median (horizontal line), and whiskers extending to 1.5 x IQR; outliers are indicated by grey X
symbols. The mean value for each parameter appears beneath the corresponding ligament label.

The goodness-of-fit metrics (Adj. R?, NRMSE, and NMAE) for the hyperelastic model fitted to experimental
data for the low-strain rate tests are presented in Table 4. For all ligaments, the coeflicient of determination R*
exceeded 0.98, while the normalized root mean square error (NRMSE) and normalized mean absolute error
(NMAE) remained low, ranging from approximately 0.02 to 0.03.
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Fig. 8. Hyperelastic mean-parameter model and experimental data, plotted up to the mean II transition stretch
and the II transition stretch of the individual specimens, respectively: (A) ALL, (B) PLL, (C) LE, and (D) CL

Ligament | Adj. R> | NRMSE | NMAE
ALL 0.8323 | 0.1130 0.0963
PLL 0.8605 | 0.1063 0.0984
LF 0.9649 | 0.0516 0.0423
CL 0.6872 | 0.1561 0.1424

Table 5. Goodness-of-fit metrics for the mean-parameter hyperelastic model compared with the averaged
experimental data for each ligament

The hyperelastic model obtained with the mean values of C19, C2,and C3 (see Fig. 7) was plotted up to each
ligament’s mean II transition stretch value (see Fig. 8). Figure 8 also shows the corresponding experimental data
(Exp. Data, grey lines), and averaged experimental data (Avg. Exp. Curve, black line) determined according to
the method described in Sect. 2.2.4. The goodness-of-fit statistics (Avg. Exp. Curve vs. Model) are presented
in Table 5. The coefficient of determination R? ranged from 0.69 for the capsular ligament (CL) to 0.96 for the
ligamentum flavum (LF). The normalized root mean square error (NRMSE) varied between 0.05 and 0.16, while
the normalized mean absolute error (NMAE) ranged from 0.04 to 0.14.

The boxplots of five parameters (C1o, C2, C3, 14, and 7 ,) obtained from fitting the high-strain rate
(50 s7') data are presented in Fig. 9, using the same boxplot conventions as described for Fig. 7. The highest
median value of parameter 7 ; was observed in the LF group, while the highest median value of parameter 7 ,
was found in the PLL group.

Table 6 presents the mean +SD of the goodness-of-fit metrics (Adj. R?*, NRMSE, and NMAE) for the visco-
hyperelastic model calibrated to experimental data for the high-strain rate tests. The coefficient of determination
R? exceeded 0.96. The normalized root mean square error (NRMSE) varied between 0.02 and 0.04, while the
normalized mean absolute error (NMAE) ranged from 0.02 to 0.04.

The visco-hyperelastic model was derived from the mean values of C1o, C2, C3, 1, and 7 5, as shown
beneath the boxplots in Fig. 9. Figure 10 presents mean-parameters visco-hyperelastic model with the
corresponding experimental data (Exp. Data, grey lines), and averaged experimental curve (Avg. Exp. Curve,
black line), see Sect. 2.2.4. The goodness-of-fit statistics (Avg. Exp. Curve vs. Model) are summarized in Table 7.
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Fig. 9. Boxplots of the visco-hyperelastic properties ( C10, Ca, C3, 1, and 7 ,) for 505~ ! experimental

data
Ligament | Adj. R* NRMSE NMAE
ALL 0.9911+0.0073 | 0.0234+0.0116 | 0.0197+0.0096
PLL 0.9782+0.0158 | 0.0373+0.0160 | 0.0313+0.0130
LF 0.9719+0.0206 | 0.04100.0174 | 0.0321+0.0132
CL 0.9643+0.0481 | 0.0425+0.0289 | 0.0358 +0.0256

Table 6. Mean +SD goodness-of-fit metrics for the visco-hyperelastic model fitted to the high-strain rate data
for individual specimens

The coeflicient of determination R exceeded 0.96. The normalized root mean square error (NRMSE) varied
between 0.03 and 0.07, while the normalized mean absolute error (NMAE) ranged from 0.03 to 0.06.

Discussion

Preliminary tests on animal samples revealed a critical issue related to the assembly and positioning of
unreinforced BLB complexes in the testing apparatus. Specifically, the samples tended to slip out of the resin-
sand mix, undermining the reliability and validity of the experimental data. Furthermore, when the unreinforced
BLB complexes were stretched, the ligament attachment often detached, or the bone fractured, rather than
experiencing ligament rupture. This failure mode was likely attributed to the inherent structural weakness of the
ligament-bone interface or the brittleness of the bone when subjected to tension.

To address these challenges, the BLB complexes were reinforced to prevent undesirable damage such as bone
fracture or bone-ligament separation during uniaxial tensile testing®!?. This reinforcement was necessary to
ensure both sample integrity and the reliability of the test results'®!!. As a result, no premature slippage occurred
in any of the reinforced BLB complexes, and ultimate failure consistently occurred within the ligament tissue
itself.

It should be acknowledged that the method used to estimate the cross-sectional area of the ligaments is
approximate and may not yield fully accurate values of elastic modulus and failure stress. Direct measurement
of the cross-sectional area requires destructive procedures, which are not feasible in the present context. In
addition, despite cleaning, the specimens often contained surrounding tissues that could not be completely
removed. Moreover, the inherently complex geometry of the ligaments makes non-invasive approaches are
prone to measurement inaccuracies.

A comparison of ligamentous mechanical properties obtained in the current study with those from prior
literature'>~12is illustrated in Fig. 11. The failure forces and stiffness values observed in the present study generally
fall within the ranges reported in previous research. The observed discrepancies are likely due to differences in
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Fig. 10. Visco-hyperelastic mean-parameter model and experimental data, plotted up to the mean II transition
stretch and the II transition stretch of the individual specimens, respectively: (A) ALL, (B) PLL, (C) LE and
(D) CL

Ligament | Adj. R> | NRMSE | NMAE
ALL 0.9822 | 0.0408 0.0306
PLL 0.9890 | 0.0326 0.0250
LF 0.9653 | 0.0583 0.0508
CL 0.9588 | 0.0703 0.0640

Table 7. Goodness-of-fit metrics for the mean-parameter visco-hyperelastic model compared with the
averaged experimental data for each ligament

strain rate, donor age, sample preparation technique, demographic factors, and testing methodology. It is worth
mentioning that despite the use of similar test conditions as the environmental chamber (for low-strain rate)
and a standardized preconditioning protocol, the current mechanical properties were lower than those obtained
in!%. This can be explained by the fact that the average donor age (78 + 6.34 years) in the present study was
significantly higher than in!0, where 27-50 years cadavers were studied. Furthermore, in!9, the strain rate used in
the high-strain rate tests was 35 times higher than in the current work. In general, the obtained values of failure
forces and stiffness are in good agreement with the mechanical properties reported in studies involving older
donors, such as®!! for low-strain rate testing and® for the high-strain rate testing. This is particularly evident for
the LF ligament, for which the mean failure force in the present study (135.27 + 54.23 N at 0.5 s™*) is within the
range (118.42 + 27.48 N) obtained in'!. Such consistency suggests that the mechanical properties of ligaments
from older specimens converge to similar ranges under comparable testing conditions.

Younger donor populations often present ligaments with better-preserved collagen fiber orientations and
less degenerative changes, thereby resulting in comparatively higher failure loads and greater stiffness'".
This difference in tissue properties between younger and older populations underscores the importance
of considering donor age and associated tissue quality when interpreting biomechanical data. Extrapolating
biomechanical properties derived from younger cadaveric specimens to older populations risks overlooking
the complex, age-related deterioration of the ligamentous tissues**. In the design of spinal implants, planning
surgical stabilization procedures, evaluating dynamic events like sport accidents or car crashes, acknowledging
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Fig. 11. Comparison of failure force, and stiffness between current and literature experimental data

Ligament | Strain rate | Mechanical prop. | Adj. R? | p-value | Coef.
ALL Low stiffness 0.73 0.01 -1.88
ALL High failure force 0.88 0.04 -7.46
PLL High stiffness 0.99 0.05 —-6.53
LF High stiffness 0.99 0.03 -0.66
CL High stiffness 0.98 0.05 -1.67

Table 8. Results of meta-regression

these age-related differences is essential. Degenerative changes in the vertebrae and intervertebral joints may
contribute to weakening of the ligament-bone interface, thereby reducing the overall load-bearing capacity and
energy absorption potential of the vertebral column®!~%3, increasing the risk of injury and impaired function®+.

A Weighted Least Squares (WLS) Meta-Regression was performed on data presented in Fig. 11. The effect
of age on stiffness and failure force parameters for each ligament type was studied. High-strain and low-strain
rates were considered separately. In each case, a negative regression coefficient value was obtained. However,
the statistical significance and effectiveness of the regression model of this relationship were demonstrated only
for the cases shown in Table 8. For the other cases, the proposed model did not perform well enough, and the
p-value was greater than 0.05. The reason could be an insufficient amount of data.

The negative coeflicients in Table 8 suggest that specimens harvested from significantly older donors have
reduced stiffness if compared to cadaveric specimens from younger donors***>. Over the human lifespan, the
ligamentous tissues, comprising collagen and elastin, undergo progressive modifications at both the micro- and
macrostructural levels, which are further intensified in the course of ageing*®*”. Cumulative microdamage, such
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as microscopic tears and disruptions, along with collagen fiber disorganization and the infiltration of fibrotic and
sclerotic processes, can render the tissue more fragile.

10 conducted a comprehensive study of the strain rate effect on the mechanical properties of cervical spine
ligaments collected from a younger donor population. Their study revealed a significant stiffness dependency
on the strain rate of all ligaments except the LE. In contrast, in our study, the LF exhibited the greatest increase
in stiffness with the strain rate increase (78%), which was essentially greater than in'® (22%) and lower than in'?
(265%). Our result corresponds well to! under low-strain rate and to® under high-strain rate, see Fig. 11. The
stiffness increase observed for the strain rate of 50 s™ for the PLL and CL (Table 3) was slightly greater than
the increase reported for the medium strain rate (20 s™) in'® (37% vs. 34% for the PLL and 48% vs. 43% for
the CL)!°. observed about two times greater strain rate effect for the high-strain rate (150-250 s™*) than for the
medium-strain rate. Generally, in the current study, a significant stiffness increase with the strain rate growth
was obtained for all ligaments except ALL (Table 3), which exhibited approximately 19% lower stiffness at high-
strain rate compared to quasi-static loading (Table 3). A 4% decrease in Young’s modulus, compared to a 19%
decrease in stiffness, suggests that this decrease can be partially explained by the shorter length of the ligament
samples used in the low-strain rate tests. Moreover, while in other studies?”10 the stiffness of the PLL was found
to be greater than that of the ALL, in our low-strain rate tests the stiffness of the ALL was 25% greater than that
of the PLL (Table 2). This suggests that relatively strong samples were used in the low-strain rate tests, which,
combined with the small sample size and high biodiversity of the samples, may have resulted in the observed
decrease in stiffness at higher strain rate in the ALL group. Furthermore, whereas in the other ligament groups
the force at the second transition point was comparable for both strain rates, in the ALL group a 39% lower force
was obtained in the high-strain rate tests compared to the low-strain rate tests (Table 2). The visco-hyperelastic
constitutive model (10), which showed very good agreement with the experimental data (Table 7), predicts
that the stiffness of the ligament increases during loading. Therefore, the significantly lower force at the second
transition point may have reduced the stiffness of the ALL obtained in the high-strain rate tests due to the
premature failure of some samples.

In the current study, a statistically insignificant increase in the failure force was observed only for the PLL and
LF ligaments at high-strain rate tests (Table 3). Similarly, a smaller strain rate effect on the failure force than on
stiffness was observed in'’, where a significant increase was reported only for the CL. The greatest effect of strain
rate on the failure force was obtained for the PLL (64%) and was greater than that reported for the medium strain
rate (20 s7) in!® (46%). Thi result may be the effect of the relatively low failure load obtained for the PLL in the
quasi-static tests compared to that obtained in'. In summary, comparison of our results with the rate dependence
of mechanical properties documented by others®-!%!? indicates a smaller strain rate effect on the stiffness and
failure load in the elderly population.

Direct comparison of the mechanical properties of spinal ligaments obtained at different strain rates is
difficult. Therefore, in the current study, the visco-hyperelastic model taking into account the influence of
collagen fiber reinforcement was proposed to describe rate-dependent, viscous mechanisms. In this formulation,
the viscous component is adapted from approaches developed for collagenous tissues integrating a hyperelastic
framework to capture the pronounced nonlinear response of ligament structures*®¥. This approach contrasts
with simplified linear-elastic models used in some HBMs, which do not account for fibrous tissues anisotropy
or viscous effects'>. Consistent with the strategy adopted in previous studies on soft tissues*>. The material
parameters are identified through a two-step curve-fitting process. First, hyperelastic parameters ( Cio, Co2,
and C3) are extracted from quasi-static (0.5 s™') tests to represent the rate-independent behavior. Then, the
viscous parameters (7 |, and 7 ,) are derived under high-strain-rate conditions (50 s™'), capturing additional
time-dependent effects. This division ensures that both the elastic and the viscous contributions are separated
and accurately quantified.

The high coefficients of determination (Adj. R*) and the low error metrics (NRMSE, NMAE) reported in Table
4-Table 7 and results illustrated in Fig. 7-Fig. 10 confirm that the present visco-hyperelastic model accurately
characterizes the nonlinear and time-dependent behavior of the tested ligaments. The worst goodness-of-fit
metrics were obtained for the mean-parameter hyperelastic model for the CL and ALL (Table 5), which may
overestimate the static ligament response at stretches greater than 1.2 and 1.25, respectively (see Fig. 8). However,
this had no effect on the goodness-of-fit for the visco-hyperelastic mean-parameter model, since the stretch
for the second transition point was approximately 1.2 in the dynamic tests. It is worth noting that the second
transition point usually serves as the onset of the collagen fiber failure process'. The elevated goodness-of-fit
metrics indicate that the model captures both the initial low-strain response (largely governed by the matrix)
and the subsequent, more pronounced fiber-dominated regime.

Although the present results extend the knowledge of cervical spinal ligament behavior at both quasi-
static and dynamic strain rates, certain limitations should be noted. First, all tests were carried out under
uniaxial tension, reflecting the dominant loading mode of these ligaments but not necessarily replicating the
full complexity of in vivo conditions. In practice, conducting multi-axial or off-axis tests for such small spinal
ligaments is exceedingly difficult or infeasible, primarily due to geometric and mechanical constraints. Second,
the study’s sample size could be expanded to improve statistical power and capture inter-individual variability
more comprehensively. Third, the donor cohort ranged from 70 to 90 years of age, so extrapolating these results
to younger populations or pathological cases should be done with caution. Finally, future work might involve
exploring loading rates faster than 50 s™* to further clarify ligament behavior under severe dynamic conditions,
such as those experienced during high-speed impacts. Furthermore, extending the visco-hyperelastic model
to the sub-failure region would allow describing ligament behavior up to the failure point. Addressing these
issues would help refine and validate the visco-hyperelastic model for broader applications in cervical spine
biomechanics and injury prevention.
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Area, mm? Length, mm Width, mm

Lig. | Strain Rate | Median | Q1 | Q3 | Median | Q1 | Q3 | Median | Q1 | Q3

ALL | Low 13.4 112 | 144 | 7.2 51|76 |147 13.4 | 157
ALL | High 14 13.5 | 146 | 7.9 7.7 |87 ]20.1 19.2 | 21.2
PLL | Low 14.2 125 | 15 6 53|74 |145 13.7 | 15.1
PLL | High 15.4 12.7 | 16 9.5 721102 | 17.7 17.7 | 19.1
LF Low 49.4 49.1 | 54 9.7 9 10.8 | 13.6 11.4 | 13.8
LF High 48.3 46.8 | 51 8.9 8.6 |11 18.2 18 20

CL |Low 46 41.6 | 504 | 6.9 6.7 |75 |29 27.9 | 324
CL | High 48.6 42.7 |53.7 |73 7 82 |23.6 22.1 | 243

Table 9. Geometry of ligaments expressed as medians and quartiles (Q1 - 25%, Q3- 75%)

E, F,
Stiffness, N/mm MPa N P(11,5), MPa

Lig. | Strain Rate | Median | Q1 | Q3 Median | Q1 | Q3 | Median | Q1 Q3 Median | Q1 | Q3
ALL | Low 101.4 91.3 | 116.2 | 54.2 46.1 | 61.8 | 201.8 153.9 | 250.2 | 14.9 13.8 | 19
ALL | High 80 64.2 | 106.3 | 43.3 40.2 | 53.6 | 146.2 134 207.5 | 14.2 9.3 15.2
PLL | Low 82.3 67.6 | 104.3 | 40.3 324 | 41.8 | 140.4 119.5 [ 1734 | 11.2 7.4 | 144
PLL | High 126 94.8 | 140.9 | 68.4 60.3 | 93.1 | 216.5 157.3 | 264.3 | 13.5 11.4 | 20.9
LF Low 52 48.6 |71.3 |95 89 |154 |108.2 85.1 167.9 | 2.1 1.8 |32
LF High 113 83.2 | 132 20.8 15.3 | 26.8 | 151.7 123.3 | 1794 | 3.2 28 |42
CL |Low 55.1 38.1 |70.7 |84 6.3 |11.6 | 113.1 935 |162.6 2.8 2.1 |36
CL | High 70.3 59.1 | 93.6 |11.5 8.8 |153 |111.2 79.7 1392 |24 16 |3

Table 10. Mechanical properties of ligaments expressed as medians and quartiles

Conclusions

This study investigated the mechanical behavior of four human cervical spine ligaments (ALL, PLL, LF, and

CL) from older adult donors (70-90 years) under both low-strain (0.5 s™') and high-strain (50 s™*) rate loading.
Key conclusions can be summarized as follows:

« Strain-rate sensitivity: Ligaments such as the PLL, LE, and CL showed statistically significant increases in
stiffness and elastic modulus under rapid loading. Conversely, the ALL in this study presented slightly lower
stiffness at 50 s™* than at 0.5 s™'. An increase in the failure force was observed only for the PLL and LF at 50 s™".

+ Age-related variations: Meta-regression indicated negative coefficients for stiffness and failure force with
increasing donor age in certain cases. This finding reinforces the need to incorporate age-specific data into
both clinical practice and computational models, particularly for geriatric populations.

« Constitutive modeling: The two-step fitting protocol, extracting hyperelastic parameters from quasi-static
experiments and viscous parameters from high-strain rate tests, was shown to be effective, with mean-param-
eter models accurately describing the average ligament response up to the second transition point.

o Applications and future work: The presented stress-stretch data and material parameters can enhance FE
and HBMs, potentially improving injury prediction in scenarios such as automotive crashes. Future research
should focus on larger sample sizes, a broader range of donor demographics, and higher loading rates (>50s™)
to further refine constitutive models and better capture ligament behavior under extreme conditions.

Appendix
Table 9 and 10

Data availability

The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request. Raw data contain identifiable donor information and are therefore not publicly deposited to
protect participant confidentiality.
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Abstract

Spinal dura mater provides essential structural protection for the spinal cord and helps maintain cerebrospinal
fluid pressure, yet its mechanical characterization remains challenging because of its thinness and anisotropy.
This study investigated the uniaxial tensile behavior of spinal dura mater and examined how speckle-paint
application, the strain-measurement method (Digital Image Correlation (DIC)-derived strain vs. crosshead
displacement), preconditioning, and donor demographics affect measured mechanical parameters. Samples
were harvested postmortem from seven donors and assigned to three groups: painted & not preconditioned,
unpainted & preconditioned, and unpainted & not preconditioned. A 3D-printed adapter was used to standard-
ize sample geometry. Tests were conducted at a crosshead displacement rate of 5 mm-min' (strain rate of
0.0042 s'), with some specimens undergoing cyclic preloading. Speckle paint increased stiffness but did not
affect failure stress or stretch. DIC-derived elastic moduli were higher than those from crosshead displacement.
After correcting for paint- and method-induced effects, the mean elastic moduli in the longitudinal and circum-
ferential directions were ~283 MPa and ~ 16 MPa, respectively. Both orientations exhibited a failure stretch of
~1.10-1.12. The apparent Poisson function (Hencky form) ranged from 1.57 to 4.84 (longitudinal) and 2.91 to
6.29 (circumferential), indicating volumetric changes that challenge near-incompressibility assumptions. These
findings emphasize the importance of standardized protocols and data normalization when investigating soft
tissue mechanics. The higher DIC-based moduli arise primarily from local, gauge-region strain measurement
and stiffening induced by the acrylic speckle coating, while the elevated apparent Poisson’s ratios likely reflect
fluid redistribution and collagen-fiber reorientation under tensile loading in this highly anisotropic tissue.

Keywords Human spinal dura mater - Spinal biomechanics - Digital image correlation - Apparent poisson
function - Mechanical properties
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1 Introduction

The spinal cord has been described as enclosed by three meningeal layers and plays a key role in transmitting
nerve impulses between the brain and the peripheral regions of the body [1]. A comprehensive knowledge of the
meningeal anatomy has been provided in Gray’s Anatomy [2]. The dura mater is the outermost and toughest layer,
which provides mechanical protection to neural structures [3]. Additionally, it helps maintain cerebrospinal fluid
pressure and stabilizes the spinal cord within the vertebral canal [4]. The importance of reliable dura properties
for modeling has been emphasized in a systematic review and meta-analysis focused on head models [5]. Clinical
studies have shown that material selection for duraplasty can affect outcomes [6], that management strategies for
dural defects require attention to tissue behavior [7], and that failures of the dura can have serious neurological
consequences [8]. These reports together motivate careful mechanical testing of the spinal dura mater [9].

A range of mechanical test methods has been used. Early uniaxial tests on human dura with attention to stor-
age effects were reported by van Noort et al. [10]. Uniaxial testing on rat cranial and spinal dura was carried
out to show species- and region-specific differences [9]. Tensile tests across a wide human age range were pre-
sented with age-related trends [11]. Rate dependency behavior was observed for human dura mater [12]. Biaxial
responses of ovine spinal dura were measured to capture anisotropy [13], and asymmetric, load-controlled biaxial
stretching was used to show direction-dependent behavior [14]. Bulge inflation was applied to cerebral meninges
to study membrane-type responses [15]. Indentation was used to probe local behavior in adolescent brain tissues
[16], and region-specific dynamic measurements were reported for spinal tissues to illustrate rate effects [17].
These complementary methods indicate that different loading modes have been investigated.

Several factors that complicate comparability have been noted. The thin and anisotropic nature of dura
introduces challenges for specimen preparation and gripping [18]. Orientation- and region-specific tensile
properties in elderly donors have been reported, highlighting the role of sampling location and geometry
[19]. Early lumbar studies provided benchmark values but also showed protocol-dependent variability [20].
Data placed in a thoracolumbar injury context were reported to link mechanics with spine loading scenarios
[21]. Additional lumbar measurements showed dispersion influenced by small cohorts and methodologi-
cal differences [22]. These findings indicate that testing conditions, orientation, hydration and temperature
control, and donor characteristics (e.g., age, sex, and body mass) can shift reported parameters and hinder
direct pooling of results.

Optical methods have been introduced to improve strain measurement. Good practices for Digital Image
Correlation (DIC) have been summarized, including speckle quality, subset size and step selection, and
out-of-plane motion control [23]. Methods to reduce out-of-plane effects during optical extensometers
have been discussed [24], and multi-view configurations for soft tissues have been reviewed [25]. Within
civil/mechanical applications, DIC has been paired with infrared thermography to recover coupled thermo-
mechanical fields [26], and stress fields have been obtained directly from DIC-measured displacement gra-
dients [27]. The technique has also been applied to early-age cementitious materials, where the procedure
for speckle preparation on wet, rough surfaces and its influence on measurement quality were detailed [28],
and to composite laminates for damage detection under shear [29]. It has been shown that surface coating for
speckle patterns may not change mechanical response in some collagenous tissues [30]. However, possible
coating-related stiffening must be considered when very thin tissues such as dura are tested. At the same
time, reliance on crosshead displacement has been noted to misrepresent local strain and to bias modulus
estimates when compared with local DIC-based measurements [11]. These observations indicate that both
the measurement method and specimen surface treatment should be controlled and reported.

Preconditioning has been used to stabilize mechanical response, but uniform practice has not been estab-
lished. Cyclic loading has been applied to reduce hysteresis and improve repeatability in human dura [11]
and in other soft tissues such as skin [31] and cervical ligaments [32]. In contrast, minimal or no precondi-
tioning has been recommended for planar tissues to avoid shifting the in-vivo-like state [33]. For cervical
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dura, protocols have been adapted to reduce the risk of clamp-related damage in very thin samples [34].
These differences show that protocol selection can affect measured parameters and should be evaluated
explicitly.

Given these considerations, the present study offers a comprehensive investigation of the mechanical
properties of spinal dura mater obtained postmortem. The primary goals are as follows:

Standardizing specimen geometry: using a 3D-printed forming and fastening adapter to ensure repeatable
specimen shapes and minimize damage during mounting.

o  Comparing strain measurement methods: contrasting crosshead-derived data with DIC-based measurements
to evaluate the influence of paint coating and to distinguish between global (machine-based) and local (DIC-
based) parameters.

e  Evaluating preconditioning effects: applying cyclic loading to selected samples to determine whether, and

to what extent, it alters the mechanical attributes of the dura mater.

Analyzing anthropometric and demographic factors: assessing potential correlations between dura mater
mechanical properties and donor characteristics such as age, sex, height, and body mass.

®  Determining an apparent Poisson function (Hencky form): employing DIC data to characterize the relation-

ship between transverse and longitudinal deformation during tensile testing [35, 36].

These investigations underscore the measurement sensitivity of dura mater mechanics and provide a foun-
dation for minimizing some of the related uncertainties. By integrating multiple measurement techniques
and incorporating demographic considerations, the study offers a protocol that may improve data compara-
bility and reliability. Although not a definitive solution, this combined approach advances our understanding
of the heterogeneous nature of the tissue and moves the field closer to developing more robust biomechani-
cal models.

2 Materials and methods
2.1 Donor information

Spinal dura mater was procured from seven donors (aged 70 to 90 years, mean 78, standard deviation (SD)
of 6.35) through a body donation program approved by the Institutional Ethics Committee (Ordinance No.
26/2016, Medical University of Gdansk, Poland). All donors provided their bodies for scientific use under
ethically supervised protocols. The vertebral columns showed no soft tissue pathologies, and demographic
data were documented for each donor. Table 1 presents the demographic and anthropometric details. Weight
and height values were rounded to the nearest multiple of five.

Table 1 Cadaver demo- Cadaver Sex Age, Weight, Height, Number of
graphic and anthropometric years kg cm samples
data 1 M 90 90 190 14

2 M 73 80 180 13

3 F 70 90 175 6

4 F 75 90 175 12

5 F 78 75 170 20

6 F 84 70 165 19

7 F 76 60 150 24
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2.2 Specimen harvesting

Each vertebral column was extracted using a posterior approach. Two sagittal skin incisions were made approxi-
mately 30—40 mm lateral to the posterior midline, extending from the occipital bone to the sacrum. The resulting
skin flap, together with underlying subcutaneous tissue, was dissected and excised. Dorsal muscles were detached
from their cranial attachments at the skull, and the spinous processes were systematically cleared of dorsal exten-
sor musculature. Subsequently, the atlanto-occipital and sacroiliac joints were resected. The ribs were severed
about 10 mm lateral to the transverse processes, and the sacrum was transversely sectioned at the S2/S3 level. The
quadratus lumborum muscles were also removed. The entire vertebral column was then extracted and inspected
from the ventral (abdominal) aspect.

After extraction, each vertebral column was rinsed three times with chilled (~ 6 °C) 0.9% saline for 15 min per
rinse. Residual short muscles and rib remnants at the costovertebral joints were excised, after which the vertebral
column was divided into cervical, thoracic, and lumbar segments. Next, the dural cuffs at each intervertebral
foramen, together with their associated spinal nerve roots, were trimmed. A MacDonald dissector was introduced
to detach the dura mater from the walls of the vertebral canal. The dura was rinsed in physiological saline and
opened longitudinally along the stumps of the left nerve roots. Each of the obtained samples was wrapped in
multiple layers of gauze soaked in isotonic saline solution, then placed in a string bag and frozen at — 20 °C. The
procedure was adapted from Zwirner et al. [11, 37], Zarzur et al. [22]

On the day of the main study, the samples were thawed at room temperature, then the spinal cord, together
with the pia mater and arachnoid mater, was removed. The resulting dural sheet was trimmed into rectangular
specimens (~ 10 x 35 mm) obtained from anterior, posterior, lateral, and circumferential regions of the canal. Fig-
ure 1 illustrates the final steps in preparing the tissue samples. Figure 1A shows the dura mater with surrounding
tissues, Fig. 1B presents the dura mater after cleaning, Fig. 1C depicts the cut-out rectangular segment.

2.3 Sample preparation and geometry

A custom stereolithography 3D-printed forming and mounting adapter (utility model application no.
W.132878) was developed to standardize sample geometry and ensure reliable gripping in the testing appa-
ratus. As shown in Fig. 2, the adapter comprises two parts: one with convex pyramids (see Fig. 2A) and the
other with corresponding concave pyramids (see Fig. 2B). A top-view schematic with key dimensions is
provided in Fig. 2C.

For specimen preparation, each excised dural segment was placed on the lower half of the adapter and
bonded with cyanoacrylate. The upper, adhesive-coated half was then aligned and pressed onto the tissue.

Fig. 1 Dura mater sample
preparation process: A
with accompanying tissues,
B without spinal cord, C
cleaned and cut. (Example

shown is from an animal
model.) [19, 34]

1 cm
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Fig. 2 3D-printed adapter: A convex form, B concave form, C form top view, D the final sample

Table 2 Division of samples  Group Description Longitudinal, N Circumferential, N
into groups Gl Painted, not preconditioned 30 12

G2 Unpainted, preconditioned 24 0

G3 Unpainted, not preconditioned 29 13

After the adhesive cured, a scalpel was guided along the outline of the adapter to trim the specimen to its
final shape, and the central section holding the mounted sample was detached without damaging the sample.
The procedure was adapted following the methodology described by Zwirner et al. [11].

Figure 2D shows a specimen mounted in the adapter, ready for tensile testing. The thickness (%) of each
prepared sample was measured in triplicate with an electronic caliper (precision+0.01 mm), and the readings
were averaged. Width (wy) and length ( L¢) were determined using photographs with a metric scale, analyzed in
AutoCAD (Autodesk, USA). The mean (=SD) gauge-region width and grip-to-grip length were 4.88+0.80 and
20.45+0.78 mm, respectively.

2.4 Design of experiment

Specimens were assigned to three groups for quasi-static uniaxial tensile testing (see Table 2).

e Group 1 (G, painted, not preconditioned) — specimens were speckle-painted for DIC; strain was recorded
directly by DIC and calculated based on crosshead displacement.

o Group 2 (G2, unpainted, preconditioned) — specimens underwent cyclic preconditioning before the main test;
strain was obtained from crosshead displacement only.
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e Group 3 (G3, unpainted, not preconditioned) — specimens received no preconditioning, and strain was ob-
tained from crosshead displacement only.

2.5 Mechanical testing protocol

All specimens were tested on a Zwick/Roell Z10 universal testing machine (screw grips, type 8133; Zwick/
Roell GmbH & Co. KG, Ulm, Germany). For DIC measurements, high-resolution stereo images of each
specimen’s surface were captured using an ARAMIS MC 3D 12 M system (GOM GmbH, Braunschweig,
Germany) equipped with twin 4096 x 3000-pixel cameras. The resulting image series were processed in
Aramis Professional (GOM GmbH) to obtain full-field deformation data throughout the tensile test. Imme-
diately prior to testing, samples were immersed in 0.9% saline heated to 36.6 °C.

G1 specimens were prepared for DIC by first applying an acrylic white base coat (DECO COLOR Deco-
ration RAL9010), followed by black speckles (DECO COLOR Decoration RAL9005) to create a stochastic
pattern. Samples were tested within 10 min of painting. The samples were clamped into the testing machine
grips by their mounting elements (see Fig. 3A).

A preload of 0.5 N was applied to longitudinal and 0.1 N to circumferential specimens, after which dis-
placement was imposed at a constant rate of 5 mm-min~! (0.0833 mm-s ) until failure. Force and crosshead
displacement were recorded at frequency of 50 Hz, while DIC images were captured at frequency of 4 Hz.
Two virtual extensometers (see Fig. 3B) aligned with the axial and transverse directions were used to mea-
sure strains in both directions. G2 specimens were preconditioned by cyclic loading to ~4 N (which was
~10% of the estimated failure load) at 1 Hz for 60 s, followed by a 10 s rest period before the main test.

2.6 Data processing and analysis

2.6.1 Post-processing of stress—stretch data

In the first step, the recorded force—displacement data were converted to first-Piola—Kirchhoff (PK.) stress—
stretch curves [38, 39]. Stress was computed as P = ALU, where F is the recorded force and Aoy = wytg is the

A)

# &

erip
mounting element

Fig.3 Sample: A mounted in the testing machine, and B with virtual extensometers marked
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undeformed cross-sectional area. Stretch was definedas A = LOL—::“, with wu representing crosshead displacement.

For specimens tracked by DIC, stretch was definedas A = :Tlo’ where e; and e are the instantaneous and initial
lengths of the longitudinal virtual extensometer 1 (see Fig. 3B), respectively.

Each dura mater tensile curve can be divided into three characteristic regions: toe, linear, and subfailure with
four key points: the initial, the I transition, the II transition, and the failure (peak stress) (see Fig. 4) [40, 41]. This
was accomplished by fitting a polynomial to the raw P (A ) data with the normalized root-mean-square error
(NRMSE) constrained to < 0.005. Inflection points were identified from the second derivative of this polynomial
[42, 43]. Around each inflection point, a local linear regression was applied; the range in which the normalized
absolute error (NMAE) remained < 1% was deemed the linear region. The first and last points of this span were
I and II transition points, respectively. The elastic modulus ( £) was taken as the slope of this linear region (Best
Linear Fit, see Fig. 4).

2.6.2 Averaging the stress-stretch curves

To generate an averaged P (A ) response for the dura mater, the curve was represented by three consecutive func-
tions, f1, f2, and f3, corresponding to the toe, linear, and sub-failure regions, respectively:

e f; (quadratic) passes through the initial and the I transition points, remains monotonically increasing and con-
vex at this interval, and shares a common tangent point with f> at the I transition point.

e f, (linear) connects I and II transition points.

e f3 (quadratic) spans from II transition to the failure points, remains monotonically increasing and concave
throughout this interval, and matches the tangent of f; at Il transition point.

Stretch and stress at each characteristic point were taken as the across-specimen means within the group. Piece-
wise assembly of fi, fo, and f3 generates a smooth, group-averaged P (A) curve with C! continuity.

2.6.3 Statistical analysis

Linear regression models were fitted to relate DIC-based strain measurements (dependent variable) to crosshead-
based measurements (independent variable). Each model reported the slope with its standard error (SE), #-sta-
tistic, p-value, and 95% confidence interval (CI), along with the intercept. Model performance was summarized
by the adjusted coefficient of determination (R?), reflecting the proportion of variance explained after penalizing
for model complexity, and by the root-mean-square error (RMSE), indicating the typical prediction error in the

Fig. 4 Typical region and points of stress-stretch curve
9 yp g p @® Transition Points (I, IT)
Failure Point
15 4 . i : >
@  Initial point
® Inflection Point
s ; -]
Fitted Polynomial 21l
10 4 Best Linear Fit '
’\I
=
] o
x &
|
[
T T T T T T T T
1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14

A, -
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outcome’s units. A five-fold (k£ = 5) cross-validation procedure generated mean cross-validated R? and mean
cross-validated RMSE to evaluate out-of-sample predictive capability.

Welch’s t-tests were used for group comparisons involving paint application (painted vs. unpainted), cadaver
identity, sampling location, and sex. The mean=SD of each group was provided to represent the distribution of
the raw data. For differences in means, the #-statistic and p-value from Welch’s #-test were presented, together
with either the SE or the 95% CI of that difference. Cohen’s d was calculated to indicate the effect size of group
differences.

Multiple regression analyses were performed to evaluate how covariates (including sex, height, mass, or the
height-to-mass ratio) predicted mechanical parameters such as elastic modulus and failure stress. The overall sig-
nificance of each model was assessed using the F-statistic and its corresponding p-value, and the adjusted R> was
reported to indicate the proportion of variance explained. For each predictor, the slope, SE, t-statistic, p-value,
and 95% CI were specified, along with the intercept of the model.

All statistical tests used a significance level of p = 0.05. The Shapiro-Wilk test was applied where relevant to
assess the normality of data distributions [44].

2.7 Determining the apparent Poisson function (Hencky form)

Two methods were employed to estimate the apparent Poisson’s function:

1. Direct Stepwise Calculation. Only for the linear region of all G1 samples, the apparent Poisson functions

were computed at each measurement step as v §, = — Eg f; for longitudinal samples, and v §;, = — EE; 3 for

circumferential samples [35, 45], where A 5 = 5720 is the stretch in circumferential direction and A 1 = :Tlo is the

stretch in the longitudinal direction, both measured exclusively by DIC. Anomalous values were removed by
excluding points deviating from the initial mean by more than one SD.

2. Curve Fitting Method. The model Ay = A, V12 was fitted to the G1 longitudinal samples data (A 5 to
A 1 relation) only in the linear region using an iterative optimization algorithm (Levenberg—Marquardt). The
parameter was estimated by minimizing the sum of squared differences between the observed data and the model
predictions. The analogous model was used for the circumferential samples.

3 Results

3.1 Comparison of strain-measurement methods

Within G1, the strain-measurement technique exerted a statistically significant influence on both specimen stiff-
ness and failure stretch (p<0.05). Under longitudinal loading, the elastic modulus obtained by DIC exceeded the
crosshead-derived value by an average of 70%, whereas the corresponding failure stretch was 35% lower. For
transverse loading, the stiffness discrepancy was 10%, and the failure-stretch difference reached 63%. Mechani-
cal parameters for G1 specimens are summarized in Table 3, and raw stress—stretch traces stratified by measure-
ment technique are shown in Figs. 5 and 6.

Table 3 Mechanical properties of G1 (mean+SD) comparing the two strain-measurement methods

Failure stretch, Failure stress, Elastic modulus,
- MPa MPa
Crosshead DIC Crosshead DIC Crosshead DIC
G1, Longitudinal 1.17 1.11 26.96 26.96 204.41 350.97
+0.05 +0.03 +943 +943 +56.57 +123.85
G1, Circumferential 1.19 1.07 1.92 1.92 14.17 14.55
+0.06 +0.06 +041 +041 +3.01 +3.72
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In the longitudinal orientation (see Fig. 7A), regression of the DIC-derived elastic modulus on the cross-
head-derived modulus yielded a slope of 1.83 (SE=0.199, =9.18, p<0.001; 95% CI [1.42-2.24]) and an intercept
of —24.4 MPa. The model explained 77.6% of the variance (adjusted R? = 0.776) with an RMSE of 52.9 MPa. For
the failure-stretch model (see Fig. 7B), the slope was 0.47 (SE=0.073, t=6.39, p<0.001; 95% CI [0.32-0.62])
with an intercept of 0.56, giving an adjusted R? of 0.624 and an RMSE of 0.016. Part of the remaining discrepancy
in failure stretch likely reflects loss of speckle contrast as specimens elongated excessively just before rupture.

In the circumferential orientation, no statistically significant differences emerged (p>0.05). Additionally, the
adjusted R? for circumferential samples was below 0.25, suggesting that this model explained insufficient vari-
ance to draw strong conclusions in this orientation.
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3.2 Effect of preconditioning and paint application

Figure 8 presents the raw stress-stretch curves for Groups G2 and G3. No statistically significant differences
emerged between G2 and G3 for failure stretch and stress, or elastic modulus (p<0.05). Consequently, G2 and
G3 were combined into a single “not painted” group for subsequent analyses.

Table 4 presents the crosshead-based mechanical properties of G1 (painted), and G2+ G3 (unpainted) speci-
mens. The painted samples exhibited a significantly higher mean elastic modulus (204.4 MPa) than unpainted
samples (159.0 MPa), an absolute increase of 45.5 MPa (SE=13.8 MPa; t=3.29; p=0.0019; 95% CI [17.6—
73.3]; Cohen’s d=0.80). After logarithmic transformation the mean difference was 0.285 (SE=0.078; t=3.65;
p=0.0005), corresponding to a 1.33-fold increase (d=0.79).

Shapiro—Wilk tests indicated a moderate alignment with a normal distribution for both painted (W=0.930,
p=0.088) and unpainted (W=0.971, p=0.236) samples, and the log-transformed data did not substantially
improve normality (W=0.931, p=0.094 for painted; W=0.957, p=0.058 in unpainted). These results suggest
a statistically significant difference in stiffness between painted and unpainted specimens; however, whether
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Table 4 Mechanical proper- Group Failure stretch, Failure stress, Elastic modulus,
ties (mean+SD) of G1, G2 - MPa MPa
and G3 samples, measured Gl Long. 1.17+0.05 26.96+9.43 204.41+56.57
via crosshead G2 Long. 1.16%0.02 23.56+9.26 160.45+58.80
G3 Long. 1.18+0.03 23.90+8.62 157.67+£57.23
Gl Circ. 1.19+0.06 1.92+0.41 14.17+3.01
G3 Circ. 1.13+0.03 1.39+0.64 15.07+9.13
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Fig.9 Corrected mechanical properties of dura mater by sample orientation: A failure stretch, B failure stress, and C elastic
modulus

an additive or multiplicative model better describes dura mater properties remains inconclusive. The additive
approach may be more straightforward to interpret, as it can be viewed analogously to connecting springs in
parallel, wherein adding paint effectively contributes an additional portion of stiffness. No significant differences
(p>0.05) in failure stretch or failure stress were detected (mean differences of 0.09% and 12%, respectively),
which further supports the notion that the “parallel” (i.e., additive) paint effect primarily manifests in stiffness.
Likewise, no statistically significant differences were found between painted and unpainted samples tested in the
circumferential direction (p>0.05).

3.3 Corrected mechanical properties

Longitudinal samples tested without DIC were corrected for paint and measurement effects. First, the elastic mod-
ulus was recalculated using F = 1.83 x FEy — 24.42 (see Fig. 7A), then 45.46 MPa was subtracted to account
for the additive effect of the paint. Figure 9 shows the resulting mechanical properties of dura mater categorized
by loading orientation. The mean values of failure stretch (Fig. 9A) differ by about 0.02 between longitudinal
and circumferential directions, although circumferential samples exhibit wider variability. In contrast, the mean
values of failure stress and elastic modulus differ much more substantially: longitudinal samples had failure stress
~16 times higher than (Fig. 9B) and elastic modulus more than 18 times higher (Fig. 9C) relative to circumfer-
ential samples. With the exception of failure stretch, all of these differences are statistically significant (p<0.05).

Using the proposed curve-averaging approach, mean characteristic points (I, II, and failure) were computed
for each group and fitted with piecewise functions representing the toe, linear, and subfailure regions. Figure 10
presents the assembled polynomial curves for longitudinal samples in G1 (crosshead and DIC), G2, and G3.
The specific function coefficients were summarized in Tables 5 and 6, and Table 7 for toe, linear and sub-failure
region, respectively.
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Fig. 10 Piecewise averaged stress-stretch curves for longitu-

dinal dura mater in G1, G2, and G3
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* Failure points are marked as ., [11 ™ in the figure

Table 5 Toe-region quadratic functions of averaged stress-stretch curves

Group

Polynomial

G1 (Crosshead)
G1 (DIC)

G2

G3

Pii(A1) = 109523 x A2 — 2157.13 x A1 + 1061.89
Pii (A1) = 2967.36 x A12 — 5894.15 x A1 + 2926.79
P11 (A1) = 51436 x A12 — 919.02 x A1 +402.67
Py (A1) = 51264 x A2 —954.17 x A +432.53

Table 6 Linear functions of averaged stress-stretch curves

Group

Polynomial

G1 (Crosshead) P11 (A1) = 206.07 x Aq —212.88
G1 (DIC) P (A1) = 34179 x A — 349.43
G2 Pii (A1) = 16259 x A; — 163.84
G3 Py (A1) = 154.77 x A1 —157.48

Table 7 Subfailure region quadratic functions of averaged stress-stretch curves

Group

Polynomial

G1 (Crosshead)
G1 (DIC)

G2

G3

Pii (A1) = —5950.79 x 1% +13960.65 x A1 — 8160.92
Pii (A1) = —6385.24 x 12+ 14282.39 x A1 — 7958.40
Pii (A1) = —1460.65 x X\ 12 — 3470.04 x A1 —2036.17
Pii (A1) = —2921.40 x A1%+6930.94 x X1 — 4086.81

3.4 Apparent Poisson function

Using the direct stepwise method, an apparent Poisson function was computed for 1,631 measurements in longi-
tudinal samples and 370 measurements in circumferential samples. The mean apparent Poisson function for the
longitudinal samples was 3.30, whereas for the circumferential samples it was 4.29. The stepwise method further
allows the construction of a histogram showing the distribution of apparent Poisson function, as presented in
Fig. 11. In contrast, the curve-fitting method yielded mean apparent Poisson’s functions of 3.47 for longitudinal

@ Springer
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Table 8 Mean apparent poisson’s ratio (£ SD) for longitudinal and circumferential samples, comparing direct Stepwise and
curve-fitting methods

Direct Stepwise Calculation Curve fitting method
Longitudinal 3.30+1.29 3.47+1.37
Circumferential 4.29+0.76 4.60+1.69
Fig. 12 Histogram of apparent Poisson function from the 350 4
direct stepwise method (longitudinal samples), before and : corrected
after correcting for paint-related effects 300 - [ = : not corrected
250 -+
~ 200 -
E {
Q
150 4
100 4
50 - 1
. 1/
0 T T

samples and 4.60 for circumferential samples. Table 8 compares the mean (+ SD) apparent Poisson function val-
ues obtained by these two methods.

Next, an additive correction of 45.46 MPa was applied to the longitudinal modulus of elasticity to account for
the effects of paint, in accordance with Sect. 3.3. This correction lowered the apparent Poisson function in both
the direct stepwise and curve-fitting calculations. For example, in the direct stepwise approach, the mean+SD
value decreased from 3.30+1.29 to 2.64+1.07. Similarly, the curve-fitting method revealed a reduction from
3.47+1.37 t0 2.84+1.22.

Applying the correction factor also altered the distribution of apparent Poisson function for longitudinally
stretched samples, as illustrated in Fig. 12. The SD decreased, suggesting that the correction reduced the vari-
ability in the results.
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Fig. 13 Thickness of anterior versus posterior dura mater samples

3.5 Additional observations: anterior vs. Posterior thickness

Lastly, the posterior dura mater was ~29% thicker than the anterior region (see Fig. 13), which was a statisti-
cally significant difference. However, this variation did not correspond to divergent elastic modulus or failure
stress within those groups. Although thicker posterior sections might point to region-specific adaptations or load-
bearing differences, our data suggest that local thickness changes alone do not necessarily translate into altered
mechanical properties under the tested conditions.

4 Discussion

4.1 Physical interpretations of observed responses

4.1.1 DICvs. crosshead (see Table 3)

Differences between DIC- and crosshead-based measurement systems arise from how axial strain is defined in
the loaded system. Crosshead displacement also includes movement from the grips, adapters, and end regions of
the samples. This overestimates axial strain and makes the stress—stretch curve look less steep. In contrast, DIC
measures strain locally within the measurement region, excluding these undesirable deformations and yielding
higher modulus. The true gauge strain is smaller than the global strain value measured using the crosshead. This
mechanism aligns with the limitations of the method outlined in Sect. 4.2 and with the observed measurements
trends showed in Fig. 7.

4.1.2 Speckle paint (see Table 4)

The paint layer behaves as a thin, coating bonded to a tissue membrane. During in-plane tension, part of the axial
load is carried by the coating, while failure still starts in the tissue. This is consistent with the simple “springs in
parallel” view noted in Sect. 3.2. The exact influence depends on the coating thickness and modulus, which were
not measured in this study. The exact influence depends on coating thickness and its modulus, which were not
quantified with the present study.
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4.1.3 Preconditioning effect (see Fig. 8)

Under the applied protocol, preconditioning is expected mainly to close the hysteresis loop of the tissue rather
than to activate fiber response or redistribute fluid content. Consequently, linear-region stiffness and failure met-
rics remained unchanged. Combining groups G2 and G3 for further analyses using low-amplitude, short-duration
cycles is therefore justified. Further analysis could investigate the effect of increasing the load amplitude during
preconditioning.

4.1.4 Fiber alignment (see Fig. 9)

The pronounced contrast between longitudinal and circumferential loading reflects fiber dominance along the
spine’s long axis [46] Under longitudinal loading, collagen bundles that are already aligned straighten at low
stretch, producing a rapid increase in stiffness. Under circumferential loading, fewer bundles are aligned with the
load axis, which reduces the modulus and strength. This microstructural view complements the corrected inter-
orientation contrasts are reported in Sect. 3.

4.1.5 ldentifying curve regions (see Fig. 4)

The three-region representation of the averaged () curves corresponds to distinct microstructural processes rather
than to arbitrary fitting. The toe region reflects straightening of crimped collagen bundles; the linear region is
governed by load bearing in aligned, straightened fibers; and the sub-failure region captures progressive fiber
failure, which ends with rupture. This representation provides a physical interpretation of the averaging algorithm
described in Sect. 2.6.2 and used in Fig. 10. Presented curve division is common in the literature related to the
biomechanics of soft tissues [32, 40, 47-49].

4.2 Sample mounting and geometry standardization

A key challenge in mechanical testing of biological tissues is to ensure consistent and secure gripping in the test-
ing machine. Preliminary tests on animal samples revealed frequent slippage from the clamps, underscoring the
difficulty in achieving adequate adherence and preventing specimen fracture in the gripping area. Additionally, it
is crucial to standardize geometry as much as possible, because biological tissues inherently exhibit high geomet-
ric variability [11]. In this study, a 3D-printed forming and mounting adapter, combined with cyanoacrylate adhe-
sive, effectively minimized these issues. None of the samples tested slipped out or fractured outside the intended
gauge region. Nevertheless, a discrepancy between the nominal sample size (5 mm width, 20 mm length) and the
final measured dimensions (4.88 + 0.80 mm width, 20.45 £ 0.78 mm length) indicates that measuring the actual
geometry remains essential.

4.3 Measurement methods and parameter adjustments

External optical extensometers, such as DIC-based systems, generally provide the most realistic deformation
measurements for biological tissues [11, 24, 25, 50]. However, they require specialized paint or speckle patterns
that can alter the mechanical properties of the specimen. The present analysis indicates that the acrylic speckle
coating applied here significantly affected certain mechanical parameters, whereas Zwirner et al. [30] reported no
measurable influence of painting on the mechanical properties of the human iliotibial tract. Each measurement
method introduced some limitations: crosshead-based displacement lacks local detail and overestimates strain,
while DIC-based measurement demands surface coating that may stiffen the sample.
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The thickness of the acrylic coating could not be measured with the current setup, leaving its exact role in the
observed stiffening uncertain. Targeted studies that quantify layer thickness and composition and relate them to
microstructural changes in the tissue are therefore warranted.

The proposed multi-method approach addresses potential biases by testing the same samples using both
crosshead and DIC measurements; nonetheless, extracting the paint effect remains challenging, as painted and
unpainted specimens come from different groups. The inherent variability of human tissues may mask or con-
found this effect, highlighting the importance of sufficient sample size and balanced group distribution [51].
Although post hoc corrections produced an approximate “realistic, averaged” dura mater response, each succes-
sive adjustment broadened Cls, weakening the statistical power of subsequent analyses.

A streamlined approach to averaging stress-strain (stress-stretch) curves was also introduced, potentially assist-
ing in the derivation of constitutive laws for dura mater [52]. However, any curve-fitting or averaging strategy
must account for individual variability and potential group imbalances [41].

4.4 Population-based analysis of sample groups

To compare all samples across Groups G1, G2, and G3 in a consistent manner, the mechanical parameters were
normalized to remove the confounding influences of measurement method and paint application. This final nor-
malization converted every sample to the equivalent of a DIC measurement without paint. Although this strat-
egy removes extraneous effects and allows for direct comparisons, it also widens the Cls, reducing statistical
sensitivity.

A pronounced imbalance was observed between the numbers of male (N = 27) and female (N = 81)
donors. Cadaver 3 (see Table 1) contributed only 6 samples, whereas all other cadavers provided > 12 samples.
A preliminary analysis indicated that the mechanical properties of cadaver 3 samples were significantly different
from those of the other donors. Investigations of sampling location (cervical, thoracic, lumbar regions and ante-
rior, posterior, lateral sides) did not show significant effects on dura mater mechanics (f>0.05). Repeating these
tests on unmodified parameters within each group also yielded no statistically significant differences.

A Welch’s t-test comparing the mean normalized elastic modulus of male and female donors indicated a dif-
ference of 61.99 MPa (SE=26.35; t=2.35; p=0.0257; 95% CI: [8.09, 115.90]), with Cohen’s d=0.58 reflecting
a medium-to-large effect size. The difference in failure stress of 4.24 MPa approached significance (SE=2.24;
t=1.89, p=0.069; 95% CI: [-0.36, 8.84]), with Cohen’s d=0.47 suggesting slightly higher values in male donors.
No statistically significant differences in failure stretch emerged with respect to donor sex. Boxplots for these
comparisons appear in Fig. 14.

Fig. 14 Normalized mechanical properties of dura mater Iy
divided by donor sex: A failure stretch, B failure stress, C 0.50 - —
elastic modulus
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Moderate correlations emerged between cadaver height or mass and both elastic modulus and failure stress.
The correlation coefficient between height and elastic modulus was 0.397, and between mass and elastic modulus
it was 0.402. The correlation between height and failure stress was 0.338, while the correlation between mass
and failure stress was 0.363. Given the statistically significant influence of donor sex, along with these moderate
correlations of height and mass, multiple-regression models were constructed using two independent variables:
sex (female=0, male=1) and a height-to-mass ratio (cm/kg) to avert collinearity.

For elastic modulus, the model yielded an adjusted R? of 0.154 and an overall F of 7.653 (p=0.001). Sex had
a positive slope of 72.50 (SE=34.48; t=2.10; p=0.039; 95% CI: [3.76, 141.24]), while the height-to-mass ratio
had a negative slope of —214.71 (SE=72.15; t=2.98; p<0.004; 95% CI: [-358.57, -70.85]). The intercept was
762.43 MPa. For failure stress, the adjusted R* was 0.111 (F=5.567, p=0.006). In that model, sex had a slope
of 3.73 (SE=2.77; t=1.35; p=0.182; 95% CI: [-1.79, 9.25]) and height-to-mass ratio had a slope of —16.44
(SE=5.79; t=2.84; p=0.006; 95% CI: [-27.99, -4.88]), with an intercept of 61.70 MPa. Although these models
did not adequately predict dura mater properties, they suggest that a larger height-to-mass ratio may negatively
affect elastic modulus and failure stress, an outcome that is somewhat counterintuitive.

Finally, the influence of sex, height, and mass suggests potential heterogeneity within the donor population.
No statistically significant associations (p>0.05) were found between donor age (70-90 years) and mechanical
properties, although the narrow age range likely limited the detection of any age-related trends.

4.5 Apparent Poisson function analysis

Two different methods, stepwise calculation and curve fitting, were used to estimate the apparent Poisson’s ratio
from DIC data. The stepwise approach calculates the Poisson’s ratio at each step in the linear region, with outlier
points discarded. This can reduce random noise but may introduce bias in shorter tests with fewer data points. In
contrast, the curve-fitting method sought to match the Hencky-type function Ao = A ;™" 12, This approach may
be less flexible if the actual deformation of the tissue differs significantly from the assumed form.

Despite corrections for paint-induced stiffening, both methods yielded similar mean values for the apparent
Poisson function: 2.64 for the stepwise approach and 2.84 for the curve-fitting approach. These values are much
higher than the Poisson’s ratio of 0.5, typical for isotropic, nearly incompressible materials [53, 54]. Full-field
DIC strain maps confirmed accurate measurements, with no evidence of sample twisting or image-capture errors.
The high apparent Poisson function observed here may reflect complex microstructural mechanisms that are
homogenized into a single continuum parameter at the macroscale. Although dura mater is often modeled as
a homogeneous material, in reality it comprises water, collagen fibers, and other microstructures [20, 55-57].
These features can undergo fluid redistribution or structural reconfiguration under load, resulting in greater trans-
verse contraction relative to axial extension than would be expected in a simple, near-incompressible solid.
Comparable findings in other collagen-rich, anisotropic tissues indicate that significant volumetric changes occur
under loading [58, 59]. Consequently, the conventional assumption of near-incompressibility may not be fully
appropriate for dura mater, underscoring the need for further research into material models that capture its com-
plex biomechanical behavior [36].

4.6 Comparisons with literature

Table 9 compares the mechanical parameters of spinal dura mater from the present study with previously reported
data [19-22]. While the current cohort and Cavelier et al.’s [19] work focused on older donors, other studies
encompassed wider or younger age ranges, which may partly explain observed disparities in failure stretch,
stress, and elastic modulus. The comparison also shows significant variability in methodological factors, such as
sample dimensions and strain rate.

Generally, our longitudinal results align well with those of Cavelier et al. [19] and Tencer et al. [21] in terms of
crosshead-based failure stress and modulus, though our absolute values are slightly higher, potentially reflecting
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Table 9 Mean=+SD or range comparison of age, region/orientation, number of samples, strain rate failure stretch and stress,

and elastic modulus

Study Age, Region/ N Strain Rate, Failure Point Elastic Modulus,
years Orientation s7! A, - P, MPa MPa
Current study, 78+6.86 C/C 9 ~0.0042 1.10+£0.06 1.78+0.39 16.16+£3.94
DIC Th/C 11 1.13+£0.03  1.39+0.64 15.07+9.13
C/L 23 1.11+0.03 26.96+9.41 311.87+122.23
Th/L 38 1.10+0.02 23.31+7.15 272.06+84.35
L/L 15 1.11£0.02 25.43+12.55 273.83+£145.91
Current study, Crosshead C/C 9 1.20+0.04 2.01+0.31 13.98+3.14
Th/C 14 1.13£0.03 1.39+0.64 15.07+9.13
C/L 23 1.18+0.05 27.86+9.77 158.54+58.23
Th/L 38 1.16+0.03 23.33+7.15 161.38+46.14
L/L 15 1.18+0.03 25.43+12.55 163.47+79.75
Cavelier et al. (2022), [19]* 81+10.7 C/C 9 ~0.0007 1.40+0.17 1.71£0.51 10.13+£3.77
Th/C 17 1.39£0.13 1.91+0.95 14.18+£13.62
L/C 10 1.83+£0.54 221+£2.17 15.11+21.16
C/L 19 1.33£0.07 23.58+9.20 141.91+£141.91
Th/L 39 1.26+0.07 26.38+10.08 172.08+75.20
L/L 18 1.27+0.06 18.96+5.62 128.28+41.96
Runza et al. (1999), [20]° 39-86 L/C NA ~0.008 1.38-1.57 3.14-4.41 4.15-6.83
L/L NA 1.15-1.61 8.14-20.28 42.20-143.41
Zarzur et al. (1996), [22]° 55.67+18.61 L/C 3 ~0.017 1.47+0.06 5.90+6.89 20.01+£22.18
L/L 3 1.43+0.08 16.07+9.41 99.38+86.06
Tencer et al. (1985), [21]* Up to 65 C/L 10 NA 1.34+0.13 24.11+£13.22 120.25+41.34
Th/L 20 1.374+0.20 27.42+13.41 144.75+73.88
L/L 10 1.28+0.05 28.19+8.17 171.19+63.45

Region: C — Cervical, Th — Thoracic, L — Lumbar, Orientation: C — Circumferential, L — Longitudinal

NA - not available

*The mean and SD were extracted from graphs and/or tabulated data. Then, a weighted mean and a pooled SD were determined.
®Ranges were obtained from graphical representations.

“The force—displacement curves were digitized. All parameters listed in the table were derived using the same methodology as in the present
study

older donors or the faster strain rate (0.005 s™'). The results from Runza et al. [20] and Zarzur et al. [22] differ
from the current study, which might be attributed to small or unknown sample sizes and different testing/process-
ing protocols.

This study follows a methodological shift by employing DIC in place of the traditionally used crosshead dis-
placement approach. On average, the use of DIC resulted in an elastic modulus that was 1.79 times higher than
that obtained from crosshead measurements. This significant discrepancy highlights the critical role of advanced
techniques in accurately estimating tissue deformation. Moreover, it emphasizes the need for standardized pro-
tocols and careful interpretation when comparing results across studies involving varying donor attributes and
measurement methods.

5 Conclusions

After unifying and correcting the results for measurement methods (DIC vs. crosshead) and paint effects, the fol-
lowing average mechanical parameters were obtained for tensile tests of the spinal dura mater:

o Longitudinal: Elastic modulus~282.93 MPa, failure stretch~1.10, failure stress~24.71 MPa.
o (Circumferential: Elastic modulus~15.56 MPa, failure stretch~1.12, failure stress~1.56 MPa.
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These findings confirm that measurement technique has a significant impact on the estimated mechanical param-
eters. Even after accounting for paint-induced stiffening in DIC-based methods, the elastic modulus remained
higher than values obtained from crosshead displacement, highlighting the need for harmonized protocols across
laboratories. The unification approach employed here enables data reconciliation from multiple methods but
increases measurement uncertainty and requires careful statistical interpretation.

A notably wide range of apparent Poisson function was observed. Two methods (stepwise and curve-fitting)
were used to calculate the ratio, and the final ranges were derived by combining the minimum mean minus its
SD and the maximum mean plus its SD for both longitudinal and circumferential orientations. For the longitu-
dinal specimens, Poisson function ranged approximately from 1.57 to 4.84; for the circumferential specimens,
from 2.91 to 6.29. These elevated values underscore the anisotropic and volumetrically variable nature of dura
mater, suggesting that common near-incompressibility assumptions may not apply. Additional standardization,
expanded datasets, and careful demographic documentation are recommended for future studies, particularly
when incorporating dura mater parameters into computational models or comparing datasets obtained under dif-
ferent protocols and donor characteristics.
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