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ABSTRACT

The objective of this study was to develop a Finite Element (FE) mothed &hee joint
with different configurations of pateltzeight to analysthe biomechan&of thepatellofemoral
joint (PF)during knee flexion.

The PF joint is of key importance in the biomechanics of the knee. The primary role of the
patella is to evenly distribute the loafithe quadriceps and facilitate efficient knee extension.
When thepatella deviates from its normal tracking, it causes elevated strains on the PF
ligamens, potential damage to soft tissues, and knee pain. Furthermore, this misalignment can
result in excessive joint reaction forces and elevated stress on the artctilage, increasing

the probability of cartilage wear and the formation of bone abnormalities that contribute to the

development of osteoarthritis.

An FE model of the knee joint was developed with 3D geometry reconstructed from-patient
specific medical irages and considering the mechaniediaviorof bones (considering cortical

and cancellous bone), cartilage, menisgamentsand tendons in a healthy native condition.
After the validation of the modelnderphysiological conditions, the position ofetmative
patella wasmodified to simulate the highiding patella syndrome (patella alta) and the-low
riding patella syndrome (patella baja). In the literature, the patellar height is considered a factor

that could impaipatellofemorakontact force, contact area and contact pressure.

Patella alta can occur as a consequence of spbaited trauma; however, it appears to be a
predominantly congenital/developmental conditinot relatedo traumatic events. The exact
pathophysiology emains unclear, but it isypothesizedhat abnormally elongated patellar

tendons represent one of the etiologic factorgtributingto the development of high patella.

On the contrarypatella baja can be caused by a variety of factors, including surgica
interventions, traumatic events, or congerataiormalitiesFrom a biomechanical perspective,

it decreaseshe lever arm of the quadriceps tendomquiringincreased quadriceps force to
achieve complete knee extension. This inefficiency in musclaifumcan result in modified

joint loading and increased stress ongheellofemorajoint.

Different FE mode$ are developedyased orthe anatomy of a subject with physiological
patellar heightand modifying the anatomical structure of the knee jbwtincreasing or
decreasing the patellzeightwith respect to the reference case along a superior (alta) or an

inferior (baja) axis toachieve adifferent BlackburnéPeel index which measures vaus



anatomical relationships between the patella and the proximal tibia and is one of the most
widely used methods of evaluating patella heidlme flexion motion was performed for all
three models within a knee flexion range of 0° to 90°.

The comparisorbetween numerical resultsxderdifferent conditions, namelghysiological

and modified patellar heightallows oneto quantify the differences contact pressure and
areasin a healthy and pathologicatate Specifically, itcan be observetthat thepatella alta
exhibits thehighestoverall contact area and the lowest force attributable to contact pressure.
This phenomenon arises because the point of contact with the femur is located more distally
than in the native and patella baja configurations, lsewhuse the patella engages with the

trochlear groove at deeper degrees of flexion (beyond 90°).

The results contribute to our understanding of the underlying mechanigpasetibfemoral
disorders and can guide the development of more effective diagramstictreatment
approaches. Furthermore, the FE medielveloped in this study can serve as a valuable tool

for future research ipatellofemorabiomechanics and related research areas.



RIASSUNTO

L'obiettivo di questo studio e stato quello di sviluppare un modello agli elementi finiti (FE)
del | 6arti col az diwemsecontigarbziony di altezzacdélla rotula, per analizzare
la biomeccanica dell'articolazione femewdulea (PF) duranta flessione del ginocchio.

L'articolazione PF e di importanza fondamentale nella biomeccanica del ginocchio. Il ruolo
principale della rotula e quello di distribuire uniformemente il carico del quadricipite e facilitare
un'efficiente estensione del goahio. Quando la rotuldeviadal suo normalposizionamento
provoca sollecitazioni elevati legamentPF, potenziali danni ai tessuti molli e dolore al
ginocchio. Inoltre, questo disallineamento puo provocare forze di reazione articolare eccessive
e Dllecitazioni elevate sulla cartilagine articolare, aumentando la probabilita di usura della

cartilagine e la formazione di anomalie ossee che contribuiscono allo sviluppo dell'osteoartrite.

E stato sviluppato un modello FE dell'articolazione del ginoautiogeometria 3D ricostruita

da immagini mediche specificlie unpaziente e considerando il comportamento meccanico di
ossa (0sso corticale e trabecolare), cartilagine, menischi, legamenti e tendini in una condizione
nativa sana. Dopo la validazione deddello in condizioni fisiologiche, la posizione della rotula
nativa € stata modificata per simulare la sindrome della rotula alta e della rotula bassa. In
letteratura, l'altezza della rotula € considerata un fattore che pud compromettere la forza di

contdto femorarotulea, I'area di contatto e la pressione di contatto.

La sindrome dellaotula alta puo verificarsi come conseguenza di un trauma legato allo sport;
tuttavia, sembra essere una condizione prevalentemente congenita/sviluppata, non correlata a
eventi traumatici. L'esatta fisiopatologia rimane poco chiara, ma si ipotizza che i tendini rotulei
anormalmente allungati rappresentino uno dei fattori eziologici che contribuiscono allo

sviluppo della rotula alta.

Al contrario, la rotula bassa puod essdowuta adiversi fattori, tra cui interventi chirurgici,

eventi traumatici o anomalie congenite. Da un punto di vista biomeccanico, diminuisce il
braccio di leva del tendine del quadricipite, richiedendo una maggiore forza del quadricipite per
raggiungerda completa estensione del ginocchio. Questa inefficienza nella funzione muscolare
puo determinare una modifica del carico articolare e un aumento delle sollecitazioni

sull'articolazione femorootulea.

Sono stati sviluppati diversi modelli FE, basati sull'anatomia di un soggetto con altezza rotulea

fisiologica e modificando la struttura anatomica dell'articolazione del ginocchio aumentando o

\



diminuendo l'altezza della rotula rispetto al caso di riferbmé&mgo un asse superiore (alta) o
inferiore (b@<a) per ottenere un diverso indice di BlackbuRe=l, che misura vari rapporti
anatomici tra la rotula e la tibia prossimale ed € uno dei metodi piu utilizzati per valutare
I'altezza della rotulal movimento di flessione é stato eseguito per tutti e tre i modelin

intervallodi flessione del ginocchio compreso tra 0 e 90°.

Il confronto tra i risultati numerici in condizioni diverse, ovvero altezza della rotula fisiologica
e modificata, consente dugntificare le differenze di pressione e aree di contatto in uno stato
sano e patologicdn particolare, si pud osservare che la rotula alta presenta l'area di contatto
complessiva piu elevata e la forza piu bassa attribuibile alla pressione di coQtaggio
fenomeno si verifica perché il punto di contatto con il femore € situato piu distalmente rispetto
alle configurazioni native e alla rotuladsae perché la rotula si inserisce nel solco trocleare a

gradi di flessione piu profondi (oltre i 90°).

| risultati contribuiscono alla comprensione dei meccanismi alla base dei disturbi-patello
femorali e possono guidare lo sviluppo di approcci diagnostici e terapeutici piu efficaci. Inoltre,
I modeli FE sviluppat in questo studiog@ssoncservire come strunmeo prezioso per la ricerca

futura nella biomeccanica femerotulea e nelle aree di ricerca correlate.
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CHAPTER 1 ANATOMY OF THE KNE E

The knee is the most sophisticated joint in the body and the largest of the synovial
condyloidjointst (shown in Figure 1). It combines avide range of motion with great stability
(Hansen J.Tet al, 2019)

s | Femur
T :.. ) '(-'\/Fibrous

1 capsule

/..Synovial

membrane
| _ /
'-... WOy sy /[ ™ ]oint cavity
\ W eyl " “Articular L
\ RS CY e cartilage -
R el 1/ Tibia of
1 '*'-‘.}1"-.'- the knee's
Bl 5 ‘ condyloid
ial ioi : joint
Synovial joint Condyloid

Figure 1.1 - Synovial condyloid joint of the kn@gansen J. et al, 2019).

1.1 KNEE JOINT

The knee is a synovial joint of the human body thatilgectto significant mechanical
stresses during various daily activitiisSs one of the mst complex joints in the human body,
consisting of multiple bones, ligamentsndons,and muscleshat worktogether to provide

stability, mobility, and load transmission.

It is formed by the articulation of three bones: the femur, tibia, and patella. The fether is
bone of thehighand is the largest bone in the body. The distal end of the femur has two rounded
condyles (medial and lateral) that articulate with the ltibi@aeau. The tibia is located on the
medialside of the leg. The proximal end of the tibia has two flat surfaces (medial and lateral
tibial plateau) that articulate with the femoral condylegure 1.2) The patella is locatedn

the anterior aspect tfie knegoint, is embedded in the quadricapadonand acts as a fulcrum

for knee extension.

The knee joint also involves the fibula bone, which is located on the outer side of the lower leg
and helpstabilizethe joint. The primary function of thisdne is to be the distal attachment site

of the lateral collateral ligament, and together with the latidxial condylethey form the tibie

11t is the most prevalent form of jai, in which the bones are connected through a joint cavity containing a small quantity of
synovial fluid. This cavity is enveloped by a capsule, and the bony surfaces that articulate with each other are coated with
hyaline cartilage. Condyloid indicatedttthe joint permit biaxial movement.
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fibular joint. However this jointis usuallynot considere@vhendealing withthe biomechanics
of theknee(Innocenti B. & Galbusera F 2023.

The bony componesibf the knee formed two joints: the tibfemoral joint between the distal
part of the femuand theproximal part of the tibiaand thepatellofemorajoint, between the

distal part of the femur arttie posterior part of the patella

The knee joint is also supported by several ligaments, tendons, and muscles. The most important
ligaments of the tibidemoral joint include the anterior cruciate ligament (ACL), posterior
cruciate ligament (PCL), mediabllateral ligament (MCL), and lateral collateral ligament
(LCL). The ligamentsof the patellofemoraljoint are the mediapatellofemoralligament
(MPFL) and the lateral retinaculu(hR). More precisely thé&R, it is not a real ligamenbut

is a net of eft tissue that keeps the link between the patellar tendon and the lateral side of the
femur. The tendons surrounding the knee joint include the quadriceps t¢@donpatellar
tendon(PT), and hamstring tendonBhe function oféndonsgs totransmit foces from muscles

to boneswhereasnuscles are responsible for applying forcHse muscles around the knee
joint could be separate in twaategoriesextensors and flexors. The first grougludesthe
quadriceps muscleomprisedof therectus femoris, vastus medialis, vasttermediusand

vastus lateralis.Instead, the second grougncludes gastrocnemius, semimembranosus,

semitendinosugndbiceps femoris.
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Figure 1.2 - Anatomy of right knee joirfGilroy A. M. et al, 2008).
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1.1.1 Tibio-femoral Joint

The tibiofemoral joint is a complex synovial joint. The tibial platetue, proximal
surface of the tibia, consists of medial and lateral articular surfaces that articulate with the
corresponding femoral condyles. The congruence between thanibitnefemur is enhanced

by the menisci, which create concave surfaces forugation.

An important detail to note is that the continuity of the tibial plateau is interrupted by the
presence of the stalled intercondylar eminence and two depressed areas, one anterior and one
posterior to the eminence that accommodate the antedop@sterior horns of the lateral and

medial menisci.

The longer ovalshapedmedial articularsurfaceis related to the medial meniscus along its
anterior, medial, and posterior margins. The surface slopes upward in its anterior half and is flat
in its pogerior half. It forms a concave surface for the medial femmoatyle,and its lateral
marginincreasess it reaches the intercondylar regidhe lateral articular surface is circular

and adapted to its corresponding meniscus. In the sagittaf pflamsurface is relatively flat in

the centralpart, but slopes downwasdanteriorly and posterior]ycreatinga convex surface

where the lateral femoral condyle fits.

As mentioned abovdhe anterior intercondylar area contains an anteromedial depression f

the insertion of the anterior horn of the medial meniscus. Behind this depression, a smooth area
provides attachmeno the anterior cruciate ligament. The anterior horn of the lateral meniscus
inserts in front of the intercondylar eminence, laterath® anterior cruciate ligament. The
eminence, with its medial and lateral tuberabesitributego thestabilizationof the femur. The
posterior horn of the lateral meniscissinserted intathe posterior and downward sloping
portion of the intercondylar area, while a depression behind the base of the medial intercondylar
tubercle accommodates the posterior horn of the medial meniscus. The remaining area provides

the insertion site for the pterior cruciate ligameriStandring S. et al., 2008)

The articulating surfaces of the tibia and femur are coated with a thin layer of hyaline cartilage,
creatinga smooth,low-friction surface for articulation angroviding a certain level of shock

absoption. The presence of the lateral and medial menisci between the two bones further
contributes to shock absorption, aids in lubrication, and helps distribute force by improving the

congruence of the joint surfaces.

2 The sagittal plane is a vertical plane that extends longitudinally through the body, dividing it into two sectionsctioleft se
and a right section.
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Thefour primary ligamentsalready Istedabove,the anterior cruciate ligament, the posterior
cruciate ligament, the medial collatelighment,and the lateral collateral ligameptay crucial
roles in maintaining the stability of the knee joint.

In extension: posterior view | "“""‘\l Posterior cruciate lig. In flexion: anterior view

Anterior cruciate lig.

ﬁf’

Medial condyle of femur
Posterior meniscofemoral / articular surface)
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(articular surface)

lig
Lateral condyle of femur j
N ¥

(articular surface) Tibial collateral lig.

Medial meniscus Medial meniscus

Popliteus tendon

Tibial collateral lig. Transverse lig. of knee

Tibial tuberosity

Figure 1.3- Ligaments of the tibibemoraljoint of the right kne¢Netter F. H., 2019

1.1.2 Patellofemoralloint

The patellofemorajoint exhibits a high degree ebmplexityand researcfocusedon
this specific joint remains relatively limitgdli A.A. et al., 2016;Baldwin M.A. et al., 2012;
Fitzpatrick C.K. et al., 2010; Mizuno Y. et al., 2001; Baldwin M.A. et al., 2009

Thepatellofemorajoint comprises the posterior surface of the patella and the trochlear surface
of the distal anterior femut.¢udon J. K.2016).Thearticular surface ikcatedin the anterior

front of the distal end of the femorhbne, centrally just above the femoral condyles and
adjacent to the intercondylar fossa, which serves as the central grabseparatate femoral
condyles in the inferior directiomn paticular, this articulating surface is covered by hyaline

cartilage.

On the contrarythe articular surface of the patelldasated irthe posterior aspect of the patella

and is also protectdaly thearticular cartilage. The articular surface of the ei@ignswith

the corresponding surface of the fenwinjchformsan inverted shaped intercondylar groove

(or trochlear sulcus) with concave lateral and medical facets. When observed in the transverse
plané, the entire region exhibits a concave contour, while in the sapifagit assumes a
convex configurationCollectively, these articulating surfaces generatasymmetricsaddle

like surface (Standring S. et al., 2008).

3 The transverse plane isharizontalplane and it divides the body into an upper (superior) section and a lower (inferior)
section.



The primary functionsattributedto thepatellofemorajoint includeprotectingthe distal aspect
of the femurfrom trauma andninimizing frictional wearto the quadricepst-urthermorejt
facilitates the transmission of quadriceps forces to the famdpatellar tendonincreaseshe
lever arm of the quadriceps (a patellectomy can result in a reductiorce by up to 30%),
reduceghe magriude of anterioposterior tibiefemoral shear stress within the knee joartd

contributes to the aesthetic appearance of the ftneecenti B. & Galbusera F2022)
1.2BONE: PATELLA, FEMUR, TIBIA,
1.2.1 PATELLA

The patella i fully embeddedesamoidonewithin the quadriceps tendon anterior to
the distal part of the femur, providing an attachment pointhe quadriceps tendon and the
patellartendon It hasa triangular shape withfat and narrowdistal end and a curved proximal
region,featuring an anterior surface, a posterior surface, three sides, and an apex that forms its
distal termination. When the knee is extended, the apex is positioned proximal to the knee joint
line. The patella serves as a hard bone that articulates withntioe, covering and protecting

the anterior articular surface of the knee joint.

The convex anterior surface of the patella appears corrugated due to longitudinal ridges and is
separated from the skin by the prepatellar bursa. This surface is covered by an extension of the
quadriceps femoris tendon that distally merges with the sajafibers of the patellar tendon,
representinga continuation of the quadriceps tendon. The posterior surface of the patella
presents anval smooth articular region in its proximal portion, intersected by a vertical edge
that extends into the intercorldy incisura on the femoral surface of the patella. This edge
divides the patellar articular surface into two facets, medial and latetalllythe lateral facet

being larger. In some cases, the posterior surface of the patellnavewyp to severiaces,

three on the medial surface and four on the lateral surface. Below the articular surface, the apex
of the patella is rough due to the insertion of the patellar tendon, while the area between the
rough apex and the articular margin is covered by theapatellar fat pad. The articular
cartilagethat covershe patella is the thickest in the body due to the substantial amount of stress

it encounters. The upper margin of the patella is thick and sl@mtegiorly, andhe medial

and lateral margins are imparatively thinner and converge at the base.

In termsof structure, thg@atella consistpredominantlyof dense trabecular bone tissue covered

by a thin layer of ortical bone. The trabeculae below the anterior surface run parallel to the



surface, whilen otherregionsthey radiate from the articular surface into the interior of the

bone.

The primary functions of the pateldaeto improvethe efficiency of the quadriceps by acting
as a fulcrum, increasing the moment arm of the knee extensor mechardspnotecting the
quadriceps tendon from frictional forcestynimizing contact with the femuFurthermoreit
acts as a protective shield for deeper structures within the knednpoioténti B. & Galbusera
F.,2022, Standrin. et al., 2008, Cox C. F. et al., 2023).

1.2.1.1Patella alta Patella baja

Thepatellofemorajoint plays a crucial role within the intricate biomechanical network
of the lower limb. It serves as a central pivot for the extensor mechaalisming efficient
knee extension during various activitidhe patelldbaja (inferor) and patella alta (superior)
are two distinct anatomical variations that involve abnormal positioning of the patella within
the trochlear groove of the femur. These conditions have biomieahaand kinematic
implications that caaffectknee function and potentialbausevariousproblemsCox C. F. et
al., 2023).

Thepatellaalta(shown in Figire 15a)is characterizetdy ahigh-riding patella that lies superior

to the trochlear groove of the femwausingthe patellanot to articulae with the trochlear
groove until later in flexion. This places the patella at increasedfidislocation or lateral
patellar subluxatiofLoudon J. K. 2016).Patella altas present in 56 60% of primary patellar
dislocations Gao C. & Yang A.2018). This condition is also associated with other
patellofemorabbnormalitiesincluding small patella, excessive patellar tilt, joint effusion, and
ligamerious laxity. With a highriding patella, the angle of the patellar tendon in relation to the
tibia may be altered. This can affeéle transmission dbrce from the quadriceps muscles to
the tibia, potentially influencing joint stability and movement efficiency. The altered patellar
position in patella alta can le&nl anincreasedcontact area between the patelfal thefemur
duringearlyknee flexion, andhis can result i decrease ioontact stresse¥he Blackburne

Peel index was used to define patellar height (Luyckx T. et al., B)@&burne J. S. & Peel

T. E, 1977)andmeasures the ratio of the perpendicular height from the tibial plateaw line t
the lower extremity of the patella articular surféce n Fi gur e dndthe lengthhok d 0 /

the same articular surface of thepatéllan Fi gure .1. 4 named fABO)
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Tibial plateau line

Figure 1.4- Diagramshowing the measurement methoti*dfand "B".
(Blackburne J. S& Peel T. E, 1977

Generally, patella alta is diagnosed if the BlackbtPeel index is greater than 1.

On the othehand,in patella bajgshown in Figire 15c), the patella iplacedlower than its
normal anatomical location within the trochlear groove of the femur. Thisecdoe torarious
factors, including surgical procedures, trauma, or congenital conditions. Biomechanically,
patella baja reduces the lever arm of the quadrieg@onrequiring agreater quadriceps force

to achieve full knee extension. This inefficiency in muscle function can lead to altered joint
loading and stress on tipatellofemorajoint. Furthermorealtered patellar tracking resulting
from thepatella b@ canlead to irregular contact forces between the patella and the femur,
contributing to cartilage wear, pain, and decreased joint stability. These change®zexd

in the development gdatellofemorapain syndrome and other related conditigkiso patella

baja can be defined by the Blackbuieel indexjn particular,a ratio of 0.5s adiagnostic of

patella baja.



In conclusion, patella baja and patella alta are distinct variations in patellar positioning that
result in differential biomecharsc and kinematics within thepatellofemoral joint.
Understanding these variations is essential for diagnosing and managing related conditions,
optimizingknee function, and devising effective rehabilitation strategies (Tecklenburg K. et al.,
2006).

a b
Figure 15- Patellar reference positiong) patella alta; b) patellar normal position; c) patella

baja(Loudon J. K., 2016).
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1.2.2 FEMUR

The longest and strongest bone in the human body is the femur, which plays a crucial
role in providing support and mobilitit has several anatomical features that contribute to its
function and structure. The femoral diaphysis, which is mostly cylindrical, is bent forward. It
has arounded proximahead that projects medially from its neck. The distal extremity is wider

and $ronger, with a double condyle that articulates with the tibia.

In standing, the femoral diaphysis shows an inclination in the superior and egieznabns
with respect to its articulation with the tibia, ensuring proper alignmentowily weight.The
degree of femoral obliquity varidetweenndividuals,generallylarger in women due to their

relatively larger pelvic width and shorter femurs.

The femurinvolvesa head, a neck, the greater trochanter, and the lesser trochaettead

of the femur $ spheroidal and faces anterosuperomedially to articulate with the acetabulum.

The femoral diaphysis, a cylinder of compact bony tissue, is surrounded by muscles and is not
palpable. Its middle portion is relativatarrower andjradually widens towards the upper and
lower ends. Its long axis forms an angl@pproximatelyl0° withthe vertical axis and diverges
approximately 57° from the long axis of the tibia. This cylindrical structure comprises compact



bone tissue with a large medullary cavity. The wall of the femoral diaphysis is thick in the
middle third andgradually thinsasit extends proximally and distally. At the proximal end,
dense trabeculae convergeadense wedge, reinforcing the ndady junction.Towardthe

distal endthe trabeculae descemmkrpendicularhto the articular surface, creating a series of

cubic conpartments.

The distal end of the femur acts a®ad bearingsurface to transmit weight to the tibia. It has
two condyles (medial and lateral) that articulate with the tibial surface. The articular surface of
the distal end is a wide area, similar toiverted U, that accommodates the patella and tibia
(Loudon JK., 2016)The patellar surface extends anteriorly on both condyles, with greater
extension on the lateral condyle. The tibial surface is continuous with the patellar sundace
divided by the mtercondylar fossa. The femoral groove and condyles are covered by articular
cartilage,allowing proper interaction with the patella and tibial condyles. The intercondylar
fossa separates the two condyles distally and posteriorly. The lateral wall o$shepfesents

a flat posterosuperior recess for the proximal insertion of the anterior cruciate ligament, while
the medial wall presents a similarly large area for the proximal insertion of the posterior cruciate

ligament.

These anatomicaharacteristicsollectively contribute to the functionality and stability of the
femur,allowing it to supportweight, resist forces, and facilitate joint movemeénhgcenti B.
& Galbusera F.2022, Standring S. et al., 2008).

1.2.3 TIBIA

The tibia,locatedon the inner side of the leg in relation to the fibula, is the second
longest bone in the body after the femur. Its shaft has a triarghdpewith expanded ends.
The smallerdistal endis projecteddownward as the medial malleolus.erfront edge of the

shaft is sharp and curves inward toward the medial malleolus.

The upper end of the tibia is also expanded and provides a vieighihg surfacéor body
weight transmitted through the femur. It consistdwo plateaus, medial and laééran area
between them called the intercondylar area, and the tibial tuberosity.

Both condyles have smoofbint-shapedurfaces on top, separated byoa-articulararea with

an irregular shape known as théercondylararea.

The tibial tuberosity islightly raised and can be divided into a lower region with wrinkles and
an upper region that is smooth and can be felt through the skin. A horizontal lineteeross
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tuberosity of the tibianarks the lower limit of the upper cartilage of the tibia. Thielza
tendon attaches to the smooth surface of the tuberosity. The distal portion of the tuberosity may
have an oblique ridge, where the lateral fibers of the patellar tendon insert furthethdown

the medial fibers.

The lower end of the tibia is sligitexpanded and has five surfaces: front, medial, back, lateral,
and bottom Comparedto the upper end, the lower end of the tibaatesoutward (tibial
torsion). This torsion begins during fetal development and continues throughout childhood and
adolesence until skeletal maturity (Standring S. et al., 206@&hi R., 2017.

In the frontto-back directionof the upper part of the tihiaghe medial plateau of the tibias
concave, while the lateral plateau is convex, providing greater mobility on thresmlgeDue

to the greater force exerted on the inner side by the position of the femoral head, the medial
plateau is larger than the lateral plateau, with up to 50% more surface area, and its articular
surface is three times thickdnfocenti B. & Galbuera F.,2022).

1.3 SOFT TISSUES: MENISCI, ARTICULAR CARTILAGE, LIGAMENT S
AND TENDONS

There are severaloft tissuesthat play a key role at the joint levéh the following,
menisci, articular cartilage, tendons and ligaments will be discaspedately, describing their
basic characteristics.

1.3.1 MENISCI

The menisci are twimtracapsulafibrocartilaginous laminae, whose function is to make
wider and deepethe articular surfaces of the tibia that accommodate the femoral condyles.
Their outer edge are thick andonvex, whereatheir inner edges are thin and concave. The
upper surfaces are smooth and concheing incontact with the articular cartilage of the
femoral condyles. The lower surfaces, flat and smooth, rest on the tibial articuilageart
Approximatelytwo-thirds ofthearticularsurface of the tibies covered by each meniscus. Two
distinct structural regions are discernible within the menisci. The innethivats comprise
collagen bundles arranged radially, while the outer third is composed of thicker bundles
arranged circumferentiallytheinnermcst portion of thearticularsurfaceshasthin bundles of
collagen parallel to the surface, while tbatermostportion is covered by the synovial

membrane. This uniquerganizatiorlikely corresponds to specific biomechanical functions for

1C



the two regionsthe inner section is adaptedwithstandcompressive forcesyhile the outer

section is designed to resist tensile for@&sndring S. et al., 200Bpshi R., 2017.

The medial meniscuswhich is wider towards the back, exhibits an almostsikaped
configuration. Its anterior horn attaches to the anterior tibial intercondylar simfé@at of

the ACL. The posterior horn &tachedo the posterior tibial intercondylar surface between the
insertions of lateral meniscus and PCL. Compared to the laterascus, the medial meniscus
is relatively stable and experiences less moveiftegtire 16).

The lateral meniscus round inshape and covers a larger area than its medial counterpart. The
anterior horn is inserted ahead of the intercondylar eminence, positioned {atseity to the
ACL. The posterior horn is linked to the area behind the eminence, in front of the pdsiarior

of the medial meniscus.

Anterior horn of medial meniscus Transverse lig. of knee

Lateral meniscus

/ Anterior cruciate lig.
‘ t J i— Medial intercondylar tubercle

Posterior horn of lateral meniscus

Posterior hormn of medial meniscus

Slip from lateral meniscus to
posterior cruciate lig.

Medial meniscus Posterior cruciate lig.

Figure 1.6 - Upper end of the tibia with menisci and portions of the cruciate liganfi€othi R., 2017)

Themainrole of the menisci, in conjunction with the articular cartilage, is to enlarge the contact
area, thus reducingthe pressure between the two articular surfaces within the knee joint
(Innocenti B. et al., 2022).

1.3.2 ARTICULAR CARTILAGE

Articular cartilage is #hin layer ofconnectivdissuethat covers the surfaces of bones in joints,
such aghe knee, protecting bones from wear atldwing smooth movement with minimal

friction. In the knee, thearticular cartilage covers the lower surface of the femur (where the
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femoral condyles are), thgoper surface of the tibia (the tibial plateau), the patellar surface of

thefemur,and the posterior surface of the patella.

Articular cartilage consists of a dense extracellular m@&GM), composed of watecpllagen,

and proteoglycans, with a spadistribution of cells, the chondrocytes. In addition to this solid
matrix, it possesses a significant amount of water as a fluid component. Collagen provides
mechanical strength to the solid matrix, while charged proteoglycans store tivatiggh
osmosisyesulting incartilagetime-dependenbehavior i.e. creep and relaxation phenomena
(Xia'Y. etal, 2017)

Degenerative processes can lead to changéseistructure anccompositionof the ECM,
affecting the biomechanical propertiesthe articular cartilaggInnocenti B. & Galbusera F.,
2022).

1.3.3 LIGAMENTS AND TENDOSI

Ligaments and tendons are fibrous connective tissues that interconnect various
components of the musculoskeletal system, fadigateffective force transmission and
facilitating movement in human joints. Ligaments establish connections between separate
bones. Tendons, on the other hand, serve as bridges between muscles and bones, conveying the
force generated by the muscles thewmssl Both ligaments and tendons are compaxed
densely arranged and aligned collafjbarsembedded within a watdrased matrixAlthough
water accounts fo60% to 80%of the wet weight, collagen, proteoglycans, and elastin
constitute65% to 85%of the dy weight.

Given theircordlike structure,mostligaments andendonstransmit forces along their main
axis, while their response to bending and torsion is relatively minimal and often neglected
(Innocenti B. & Galbusera F2022, Standring S. et al., 2008

The role of thaanterior cruciatéigamentis to prevent excessive forward movement of the tibia
relativeto the femurthuspreventing hyperextension of the kn€a the contrarythe posterior

cruciate ligament prevents excessive backward movemdme dibia relative to the femur.

The medial collateral ligamerstrengthenghe inner side of the knee, preventing excessive
forces from causing misalignment in the medial direction between the frduthetibia or
vice versa. It also adds stability to the medial meniscus due to its partial connection to this

structure. On the othdrand,the lateral collateral ligament fortifies the outer side of the knee.
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Basically, the cruciate ligaments regulate stresdeng the anteroposterior axis of the knee,

while the collateral ligaments manage stresses in the lateral and medial directions.

The mediapatellofemoraligament playsan importantole as the primary soft tissue restraint
against lateral patellar disggement. The lateral retinaculummista clearly separate anatomical

entity; rather, it consists of multiple layers of tissue on the front and side of the joint. The
representation of the lateral retinaculean be complebecause it is made up of mergiof

tissue that has led to different understandings of these structures (Steensen R. N. et al., 2004;
Shah K.N. et al., 2017).

The patellar tendon is a robust fibrous bahdt connectdhe lower patella to the tibial
tuberosity. Its function involvestabilizing the patella for proper alignment and supporting the

quadriceps femoris muscle in its action as a knee extensor.

The structure of the quadriceps muscle can be classified into distinct eléna¢nia directly
parallel to the femoral axis or diygr in different orientations$n particular the vastus lateralis

and medialis have smaller obliqgue segments near the lower end, contributing to a more
significant transverse force vector. As a result, these elements play a crucialstatalining
thepatella in the medidhteral direction (Amis A.A. et al., 2003).
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CHAPTER 2 KINEMATICS AND BIOMECHANICS OF THE
KNEE JOINT

The knee joint is a very complex joiahdfundamentafor walking, which is why it is
the subject of continuous research in therapeutic treatment and biomechanics modeling. In fact,
several authors have propogeadite Element(FE) modelsof the knee, but the transition from
research to clinical application remains a challenge. Indeed, the problems of computational
complexity, robustness to convergeneerification, and validation of these models are still

being studied.

A deepewunderstading of the biomechanics of the knegludingthe kinematic mechanisms
affecting the tissues of the joint, the responses of the biological system to efderesdnd
the mechanicapropertiesof the involved tissuesis fundamentato be able to devep a FE

model thataccuratelydescribeshe mechanical behavior of the jaint
2.1THE GROOD-SUNTAY COORDINATE SYSTEM

The description by Grood & Suntay (1983) of an anatomical coordinate system has
become one of themost widelyused for delineating knee kinetita (nnocenti B. & Galbusera
F.,2022). A coordinate system has the fundamental purpose of precisely defining the relative
spatial relationship between two entities. The construction of this system for the knee involves

the definition of three criticallements:
1) the Cartesian coordinate system fixed within each bone to elucidate its geometry;

2) the fixed axes of thbody and the reference axes of the joint coordinate system, which

delineate thénterosseous motion;
3) the precise location of the translation reference point.

To explorethe kinematics of the knee, thibial coordinate systenms firstly defined as
illustrated in Figire 2.1 A motion of clinical interest involves the interreafternalrotation of

the tikda around its mechanical axis. This atig zaxisin Figure 2.1 assumes the role of the
fixed axis of the tibial body. Its positioning is equidistant between the proximal intercondylar
eminences and crosses ttenterof the ankle distally. The referea direction is anterior and
corresponds to the tibialgxis. Operatively the anteriotibial direction is defined as the cross
product of the fixed axis with a line connecting the approxiroaigerof each plateau.
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The third axis, the xirection, is defined throughraght-handcoordinate system. The-axis
exhibits a positive orientaticiowardthe right, resulting in a lateral orientation within the right
knee and a medial orientation within the left knee.

Z ) Mechanical .4 Z

Figure 2.1- In each bone, distinct Cartesian coordinate systems are established. The femoral sy:
are denoted by capitalized letters X, V, Z, while the tibial system axes are represented by lowerc
X, Y, z. Common to both bones, tkexis holds gositive orientation in the proximal direction, theis i
positively oriented anteriorly, and theaxis assumes a positive orientation to the rightood E. S., «
Suntay W. J1983).

Turning to the femur, the fixed axis of the body is chosetigm therotations with the clinical
flexion-extension motion. This means that the fixed axis must be perpendicular to the sagittal
plane of the femur, thus aligning with the X axis of the femur inZilgTo establish the flexion

axis within the femur, it is necsary to start fromthe mechanicabxis of the femurthe Z axis.

This axis intersects theenterof the femoral head proximally and the lowest point of the
posterior surface of the femur between the medial and lateral condyles distally. From a practical
point of view, the normal to the frontal plane (anterior axis) is defined through the cross product
of the mechanical axis and a line connecting two points of the posterior femoral condyles. The
direction of the flexion axis, embedded in the frontal planth@femur, emerges through the

cross product of the unit base vectors of the argesterior and mechanical femoral axes.

In summary,the fixed femoral axis governs flexiorextension,the fixed tibial axis is
responsibldor internatexternal rotation, rad the floating axis manages abductadduction
motion Grood E. S., & Suntay W. 1983).
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2.2THE TIBIO -FEMORAL JOINT KINEMATICS

The movements observed within most anatomical joints include-dmmsnsional
motion, which can be defined by six independemirdmates or degrees of freedom. Among
these, three coordinates correspond to translational motions, while the other three represent
rotational movements using anatomical coordimatstemsfirst described by Groo@nd

Sunday, shown in the previous section.

From a functional and biomechanical point of view, the complex kinematics of the knee, in
terms of tibiefemoral kinematics, is described by the following movements (Figue
(Innocenti B. et al., 2022):

1 internalexternal rotation (also known as axial rotation) and proxuoisthl translation
(or superiofinferior translation) are described along andultbe tibial mechanical

axis, respectively;

1 flexion-extension and mediddteral translation occur along and about the femoral

epicondylar axis (flexion/extension axis), respectively;

1 varusvalgus rotation and anteriqosterior translation occurespectively along and
about a floating axis, obtained from the cross product of the previous tibial and femoral

axes.

Adduction
(=)
Flexion
/ (+)

Abduction
(+)

Extension

(-)

External Q Internal

(+) (=)

Figure 2.2- Joint coordinate system of Grood and Suri@good E. S & Suntay W. .
1983).
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Among these motionsthe flexion-extensionone, occuring in the sagittal plane, clearly
predominates over the others, with a range of motion from 0° in full extension to 140° in full
flexion. In full extensionthe femoral and tibisdxesare aligned in the same plane. Instead, the
range of motion in the other planes is much smaller and varies with the angle of-flexion
extensionRotational movements can manifastany phase of flexion within the knee joint.
During the end of extensiorhé femur undergoes medial rotatiovhile initiation of flexion

leads to lateral rotation. During knee extension, the femoral condyles roll forward and slide
backward on the tibial condyl¢Standring S. et al., 20D8This backward sliding is crucial to

alow the femur to maintain contact within the limited articulation afdae tibia. As the knee
extends, theegionswhere the femurs in contactthe tibia consistently shift forward the
femoral condylesThe extension of thiateralcondylereachests peakbefore the extension of

the medial condyle, and this extension is stopped by the tense ACL. Due to the flatter anterior
curvature of the medial femoral condyle compared to the more spherical lateral condyle, the
medial condyle continues to slidadkward even after the lateral condyle is stopped. The
maximumof extension involves medial femoral rotation, which effectively secures the femur
to the tibia, tightening théigaments,and achi evi ngOnjtleicontraryfind o c K i
sequence of movemts for flexion mirrors these processes in reverse. The initiation of flexion

is characterizedby lateral femoral rotation, facilitated by differences in the shapes of the two
condyles. This rotation effectively "unlocks" the krjemt and, after this, the knee flexors

manage the process of flexion (Koshi R. 2017).

Several techniques have bagedto investigate the kinematics of the human knee, and this

remainsan areaf interest for industry professionals, clinicians, and biomechanics researchers.

A specializedtwo-dimensional representation of knee joint motion is called the -Haur
model" (Figure2.3). This model considers motion within the sagittal plane, omittibial
rotation, medialateral translations, and abduction and adduction. Assuming that the cruciate
ligaments can be approximated as rigid connections ("bars") of constant length, and considering
the other two "bars" formed by connecting the proxintaak insertion points and the distal
femoral points, it is evident that the instaenterof rotation must consistently coincide with

the intersection of the cruciate ligaments. Consequently, the krnegdathesizedo be a
mechanism, allowinghe posiion of the femurelative to the tibia to be deduced from a single
variable. This principle reveals that the ACL, duehe increase in the radius of tfemoral

condyle during flexion, becomes progressively tense, pulling the femur towards the tibia.
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However, this model has notable limitatiomeainly treating the knee as symmetric and

ignoringinternal/external rotation.

Figure 2.3- The fourbar linkage modellGnocenti B. & Galbusera R2022).

In an effort to improve the knee model while maintairarigw number of degrees of freedom
(DOFs), some researchers proposed an alternative approach. They thieikieee movement
considering the kinematic analysis iti@ medial and lateral sides, avoiding the planar motion
constraints of the earlier model. Using this refimeodel, theresearchers studied the passive
motion of the natural kneendwere able to elucidate the medial pivoting knee motion and the

roll-backbehavior of theknee:
1 The medial and lateral condyles exhibit different kinematics.

71 In full extensionthe centerof themedialcondyk aligns with the medial tibial condyle

(slightly posterior), whilghe point of thdateralcondyk is more anterior.

91 During initial flexion, the medial condylattemptsto maintain its original position,
limiting the anteroposterior translation. Meanwhile, the lateral condydatermoves
posteriorly. This phase, in which the movement of the knee rotates around the medial

cordyle, iscalled thefimedial pivotk n e e 0 .

1 Between 60 and 90 of flexion, the internal rotation of the femdecreaseand both

the medial and laterabndylesbegin a posterior translation, knownfiaaeeroll-b a ¢ k 0 .

In summary,when applying a minor anteposterior force, the lateral part initiates swift

movement while the medial part remains stable (medial pivot). Only at considerable flexion
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angles does the lateral part also move posteriorly in relation to the medial part, resulting in a

posterior trangition for both parts (relback) (nnocenti B. & Galbusera F2022).

The typical kinematic sequencetbe external rotation of tHeuman knee involves th#ia in
relation to the femuasflexion increased-urthermorethe lateral femoral condylexhibits a
more pronouncednterior translation compared to the medial femoral condidewever
diverse patterns may arise based on joint health and individual anatomical attribtaes, in
the entities of these movements cagnificantly differ among individuals due to factersch

asanatomy, age, and training.
2.3THE PATELLOFEMORAL JOINT KINEMATICS

Thepatellofemorahrticulation constitutes a complex jointwhichthe reaction forces
are a function of quadricepirce, and the angle of flexion of the kneEherefore,
comprehendinghe biomechanicf the patellofemoraljoint in physiological conditions is

fundamentafor the studyof overallknee biomechanics.

Themainrole of the patella is toptimizeknee extension by serving as a fulcrum that shifts the
line of action of the quadriceps muscles anteriorly (Luyckx T. et al., 2009). This results in an
increased lever arm for the quadriceps muscle moment relative to thedamtersf rotation.

In paricular, this mechanism contributes significanttytheknee extension torque, providing
31% of the total torquan full extension and reducing to 13% within the range ¢ft80L20

of flexion. Furthermore, the patella serves as a protective shieldef@ntierior trochlea and
minimizesfriction between the quadriceps tendon and femoral condyles due to its position
(Loudon JK, 2016). Functionally, the pateltgptimizesthe distributionof the patellofemoral
compressive forcesmproving thecontact arealuring flexion. It also acts as a guide for the
extensor mechanism pordinating theraction forces fronvarious heads of thguadriceps

and transmitting them to the patellar tendon. Lastly, the anatomical configuration of the
patellofemorajoint funcions as a safeguard against extensor apparatus dislocation. However,
to accomplish these functions effectively, it is crucial to maintain proper patellar alignment and
achieve optimal sliding during the dynamic process of knee flexxdension hnocentiB. &
Galbusera F2022).

The relative motion between the patella and the distal fethat,determinesthe patella
stability, is governed by four primaractors:joint geometry, the dynamic action of muscular
structures that impact thmatella,passiverestrictionsmposed by surrounding soft tissuasagd

alignment of the lower limb. From a kinematic perspective pttellofemorajoint functions

20



as a sliding articulation, evidenced by the patella caudal movement of 7 cm during full flexion,
coupled with concurrent internag¢xternal rotation. In full extension, the patella remains
unarticulated with the femur, allowing minor med#deral translation due to lateral

retinaculum stiffness while in the standing position.

However, theeomprehensive trajectory of tHieneis threedimensional Additionally, anterae
posterior translatiors significantsincethe patellar position during flexiawauses shift in the
anteroposteriodirection of the patellar tendon force. This force pulls the tibia anteriorly during

lower flexion angles and pushes it posteriorly during higher flexion angles.

In a clinical context, the @rgle serves as a widely used paramgieassesthe alignmenbf

the pull of theguadricepsnuscle Representing the angle betwedkaquadriceppull line (from

the anterior superior iliac spine themid-patella) and a line connecting the patetiante with

the tibial tuberosity (Figur2.4), normalQ-anglesare typically 10-13° for menand 1517° for
women.In the frontal plane, the -@ngle introduces a lateral force on the patella due to the
difference between the linef force of thequadricepsmuscleand the patellar tendon. An
increase in the @ngle leads tanincreasan thelateral force, translatiomptation, and lateral
shift, increasinghe risk of subluxationOn the contrarya decrease in the-@ngle results im
decrease of thiateral force and translation (Loudon JK., 2016). Furthermore, an elevated Q
angle tends to amplifyhe lateral patelldemoral contact pressure, while a reduceeagle
promotes an increase tine medialpatellofemoraktontact pressure (Mizuno Y. et al., 2001).

Anterior superior
iliac spine

Figure 2.4 - Quadriceps Angle (@ngle)(Loudon JK., 2016
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In conjunction with the interactions between the femur and tibia, during extension, the patella
progressively eleates on the femur patellar surface. Given that the pull of the quadriceps on
the patella aligns with thebliquity of the femurthe patella tends to deviate laterally during its
ascent. This lateral deviation of the patella is countered by: (a) thergagdtrior projection

of the lateral femoral condyle; and (b) the horizontal insertion of the Idivess of the vastus
medialis intothe medial surface of the patellaCollectively, thesefactors ensure that the
quadriceps force remains perpendicutatite axisof flexion and extension (Koshi R., 2017).

Functioning as a gliding joint, the patella manifests motion across multiple planes. These
movements include superior/inferior glide, medial and latgdt, medial and lateral tilt, as

well as medial and latafrotation (Figur.5). Termed patellar extension, superior glide occurs
during tibiofemoral extension when the quadriceps contract, resuttisgperior pull on the
patella.On the contrarypatellar flexion corresponds to inferior glide and alignthwibio-
femoral flexion. Translations in the frontal plane drive lateral and m&hifés, mirroring tibio-
femoral motion. In lateradhift, thelateral edge approacheeelateralside of the kneayhereas

the medialshift pusheghe medial side towartthe medialedge of the knedilt, which occurs

along a longitudinal axis, involves the medial posterior facet moving closer to the medial
femoral condyle in a medial tilt, and the lateral posterior patellar facet molosgrto the

lateral femoral condyle in a lateral tilt.

MEDIAL LATERAL
TILT -— TILT
MEDIAL LATERAL
SHIFT SHIFT
MEDIAL \ LATERAL
ROTATION ROTATION

Figure 2.5- The patellar kinematics are characterized by parameters such as patellar tilt, rotation, al
Tilt involves rotation around the patellar's long axis, rotation dessrtbemovement around an anter
posterior axis, and shift refers to mediateral translation(Mizuno Y. et al., 2001).
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During knee flexion in a healthy knee, there is typically minimal lateral or medial movement,
as the patella tends to maintain its central position on the tro€hlaag extension othe knee

from around45° to full extension, the patella tilts medially, transitioning from an initially lateral
tilt attributed tothe geometry of théemoral trochleagroove.When flexed to approximately
30°, the patella reverts back laterally, retaining thateralized position throughout the

remaining flexion phase (Loudon JK., 2016).
Patellofemoral joint pain (PFP)

Patellofemoraljoint pain (PFP) is prevalent in a variety of active individuals,
biomechanical dysfunction is the primary factor underlying the developméris gfathology.
Furthermore, theoptimal functioning of thepatellofemoraljoint depends on a delicate
equilibrium within the surrounding soft tissue structuiésereforejmbalanced tension from
specific structures can induea intensified force disthution between the patella and femur,
inducing pain (Loudon JK., 2016; Standring S. et al., 2008). Anterior gaee is often
associated witlmalalignment and maltracking of the patella. During knee flextoalateral
orientation of the quadriceps musgknerates a lateral force comportbat affectshe patella.

A maltrackingtowardthe lateral side caimcrease thg@ressure between the lateral trochlear
ridge and the patella, increasing the vulnerabtlitgubluxation odislocation of the patella.
This increasedpressurehas the potential to generatpatellofemoral pain and leadto
degeneration ddrticularcartilagegven in the absence of instability episodes (Mizuno Y. et al.,
2001).

Contact area

The patellar contact area undergoes a progressive expansion as knee flexion increases,
effectively distributing joint forces across a larger surface. As the knee initiestemn, the
lower part of the patell&ngages with the upper section of the femoral condyles. This initial
contact emerges between the lateral femoral condyle and the lateral facet of thenptitelta,
even distribution on both sides of the condyles88%of flexion. The contact region, initially
compact, gradually enlarges as joint congruency imprdmasgenti B. & Galbusera R2022).
Beyond 90 and up to 120of knee flexion, the upper aspect of the patella interfaces with the
femoral groove aredn deep flexion, there is only contact on the far medial and lateral edges
of the patella. With progressive knee flexion, the patella articulating surface experiences
continuous shifts. The contact point moves proximally along the patella and pbsterior

inferiorly along the femoral condyles (Loudon JK., 2016).
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2 4PATELLOFEMORAL FORCES

To comprehensivelgnalyzethe forces affecting theatellofemorajoint, it is necessary
to focus on their action within the sagittal péa We carintroducethe notionof patellofemoral
reaction force (PF), a combined effgeinerate@n the patella, from both the quadriceps force
(QF) and the patellar tendon force (TF) (depicted in Figure 2.6s€fbecesareintricately
linked to patela change inthe position in response tdhe varying flexion angles. These
fundamental forces are derivated through the manipulation of different joint angular movements
(Kumbhalkar M. A. et al., 2021)As flexion increases, the force magnitugeows; it is
attributed to the progressive narrowing of the angle formed between the patellar tendon and the
quadricepswhich leads to thencreaseof theresultant PF vector. Additionally, the elongation
of both thetibial and femoral lever armequiresincreased quadriceps strength to reduce the
moment generated by the force of body weigmdcenti B. & Galbusera F2022).

=~

= -

v BW

Figure 2.6- The forces exerted on tlpatellofemoraljoint within the sagittal plane. Theatellofemore
reaction force (PF) results from the combined vector of the quadriceps muscle force (QF) and the
tendon force (TF). RC is the instantaneous rotatioent er of t he knee. D
RC and the verticalhel iboed ye xst ecrechitreg tolfr ogu gahv i
( B W)exeites(Innocenti B. & Galbusera F2022).

The effective load exerted on thatellofemorajoint is calculated by PF divided by thentact
area of the joint, denoting it as joint stress measured in terms of force per unit area. A larger
interface between the patellar surfacel thfemur leads t@ decrease istress on the articular

tissue. However, a combination of high PF and tkehi contact area results in elevated
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patellofemoraljoint stresswhich could negatively affegbint cartilage.This stress can be
aggravated by not optimal patellar positioning (Loudon JK., 2016). Excessive stress on the
patellofemorajoint, as previouy mentioned appearso be the cause of PFP. This joint stress
mightarisedue toirregular anatomy, misalignment, or deviant patellar tracking. Malalignment
of the patellal@teralization induces excessive compressive stress on the léertk of the
patella,contributing to PFP. Igeneraljt cancauseundesired stress within tipatellofemoral

joint. Maintaining an equilibrium between medial and lateral stabiligsgential to preserve
proper biomechanics of thpatellofemorajoint (Loudon JK.2016).

The primary inhibitor of lateral patellar displacemenths trochleargroove of the femur,
especially the depth and inclination thie lateral femoratondyle.As the kneeapproaches
extended flexion, the PF causes the patella posteriorly indtidear groove, exertinyessure

along the sagittal plane, reducing its susceptibility to lateral dislocalimmogenti B. &
Galbusera F2022).0n the contrarythis posterior forcelecreaseduring extensiomywhereas

the lateral component increases doexternal rotation of the tibia, a phenomenon known as
the screwhomemechanism. In a normal patella, the lateral facet exceeds the medial facet in
dimensions, facilitating the transmission of approximately 60% dbtiaéforce (Luyckx T. et

al., 2009).

A crucial parameter in computing patellar forces is the distance "D" between the vertical line
intersecting the bodysenterof gravity (barycenter) and the instant axis of joint rotation (RC
in Figure 2.6). Adjustig posture in the sagittal plane (forward or backward) alters this distance,
resulting in significant fluctuations in patellar force. Fexample,when body weight shifts
posteriorly and away from the joint, the compressive force on the patella incteas@srast,
during activitiesthat involveflexion under load, such as due to hip flexion during normal
movements, thecenter of gravity movesforward, thus shortening thdever arm D. This
phenomenon also accounts for variations in patellar force ductiapa like ascending stairs
(forces ranging from..8 to 2.3imes body weigh{BW)) and descending staif3.9 to 6.(BW).
Consequently, patellofemoral reaction forces exhibit considerable variabilitypainly
depending on the type of activity performedthwalues ranging from 0.6 times body weight
during walking to 7.7 times body weight while jogging and even up to 20 times body weight
during jumping [hnocenti B. & Galbusera F2022; Loudon JK., 2016).
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2.5BONE

Bone is a complex and heterogeneous caireetissue thaexhibits anisotropf; non
linear, and hierarchical propertiednfocenti B. & Galbusera F2022). Its mechanical
characteristicare derivedfrom geometry, density, microstructure, and material properties.
Unlike other connectivéissuesdue totheir greater stiffness and strengoiwin S. C. & Doty
S. B.,2007), bone's abundant mineral content makes itsugied for structural and suppiog
rule. The boneshape dynamically adapts to varying environmental conditions, responding to
the individual's activity and variations in applied loads. For this reason, biologmabeling
continually renews bone tissue. Cortical and trabecular bo@éybmain types obonetissue,
support significant stress during movement and actistieb asveightlifting or rapidrunning
andare strategically distributedithin the bones,optimizing the properties of the tissu@he
cortical bone forms the didgysis and outer shell of long, short, flat, and irregular bones,
whereasthe trabecular bonexistsin epiphyses and central regions of othgyes of bone.
Given that bones experience both cyclic and static loading, their mechbaltaioris

significartly influenced by fatigue and creep responses (Keaveny T.M. et al., 2005).
2.5.1 Mechanical properties and constitutive models

Although cortical and trabecular bones exhibit simiéampositionsand thus display
comparable microscopic mechanical characteristics, variations in densitpiemstructure
result in distinct macroscopic mechanical attributes. Cortical bone, as demondiated
mechanical testdr{nocenti B. & Galbusera F2022), exhbits greater stiffness and reduced
ductility compared to trabecular bone. These divergences in mechemaratteristics arise
primarily from differencesin the volume fractior® of the boneand the architectural
arrangementln particular,the porositiesvithin these microstructures significantly influence

their mechanicalbehavior Cortical bone and trabeculabone exhibit linear strairstress

4 Anisotropy refers to the property or quality of a material exhibiting different characterisbebavioradepending otthe
direction in which they are measured or observed. It signifies that the properties of the material are not uniform in all
directions.

51t is the volume ofmineralizedoone per unit volume of the samglone volume/total volunje
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relationships at the macroscopic leiethe range ofow strains (Figure 2.7)n addition,they

showcomparable elastic constants for both tensile and compressive loads.
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Figure 2.7- Mechanical characteristics of cortical and trabecular bone. Common steam curve
representing cortical (A) and trabecular (B) bone samples subjected to compression or tensic
(Innocenti B. & Galbusera F2022).

Cortical bone

As saidabove,reflecting its microstructural anisotropy, the mechanical properties of human
cortical bone exhibit anisotropy. A set of orthogonal directions can be defihe first aligns
with the longitudinal axis of the diaphysis, constituting the strongest and most rigid orientation.
The second and third directions are mutually perpendicular within the plane orthogonal to the
prior one. These are known respectivelytlas radial and circumferential directions, where
mechanical properties are comparatively lower than the longitudinal direction, even though
small differences in modulus and strength are noted between the radial and circumferential
orientations. This tendey probablyderivatesdrom the evolutionary adaptation aimed toward
resisting predominant uniaxial strains occurring along the diaphyseal axis during activities like
walking (Keaveny T.M. et al., 2005). The presence of these three perpendicular planes of
symmetry establishes corticabne orthotropic material symmetry (ORTHE@win S. C. &
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Doty S. B.,2007) or transversely isotropic symmetry fTHBurthermore, it is evidenhat the
ultimate strength anstrainin compressiomxceed theorresponding tension valudarfocenti

B. & Galbusera F.2022), providinghe greaterresistance of the cortical boteecompression
loading. This divergence arises from the nonhomogeneous, anisotropic composite nature of
bone. The levebf anisotropy & bonetissuevaries with anatomy and between individuals
(Cowin S. C. &Doty S. B.,2007), while also being influenced by factors such as age, gender,
load orientation, strain rate, and test conditions (dry or wet).

Cancellousbone

The cancellous bonelsa known as trabecular or spongy bone, comprising short struts called
trabeculae andhterconnecte@lementshas aporousappearanceAs a heterogeneous porous
cellular solid, trabecular bone possesses anisotropic mechanical characteristics (Keaveny T.M.
et al., 2005) influenced blgoth the porosity of thepecimenand the spatial arrangement of
individual trabeculae. Undergoing compression beyond its elastic threghiaddingand then
reloading, itexhibits areduction instiffnessand thedevelopmentof permanentstrain. In
compression, it yields at approximately 1% strain (Keaveny T.M. et al., 2005), after which it
can support significant deformations, up 56% strain, while retaining its loabdearing
capacity. Thismakes thetrabecular bone capabti absorbing considerable energghen
mechanical failure. Its elastic and strength properties cha@gendingon donor age, health,
anatomical location, loading direction, and loading mdaeocenti B. & Galbusera F2022).

Table2.1showssome references from thiteratureon the modelingof corticaland cancellous

bone in the knee joint in a finite elementdysis.

The selection of material symmetry for an elastic bone medganificantly dependerdn the
intended investigative applicatiodisual examination otortical bone tissue reveals inherent
orthotropic elastic symmetry (Cowin S.C. et al., 200He degreeof anisotropy within bone

tissue variesvith theanatomical site and individual to individuahplying thatsome cortical

bone tissue may possess transversely isotropic or even isotropic characteristics. Examined by
Cowin and Doty (2007), theepcentage divergence between elastic constants derived under
ORTH and Tlassumptions isninimal and hasegligible effects on stress values. Thus, for
stress analysis, a TI symmetry can be adequate. Howevercahgdering théehaviorof the

physiologi@al bone tissue composite material, the distinction between ORTH and TI

6 An orthotropic magrial is a type of anisotropic material that exhibits distinct mechanical properties along three mutually
perpendicular axes.

A transversely isotropic material is a specific subtype of orthotropic material, characterized by having symmetry about one
axis while having varying properties along the remaining two perpendicular axes.
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assumptions may be notable. Despite this, numerous authors (Baldwin M.A. et alM26i29;

W., & ShiraztAdl A. 2005; Baldwin M.A. et al., 2012; Blankevoort L. et al.,, 1991;
Bendjab#dah MZ. et al., 1995; Pefa E. et al.,, 2006) regard cortical bone as a rigid body,
implying the absence of deformation. In sorm@seswhen joint kinematicss the focal point,
treating the bonef theknee joint as rigid bodies is sufficie@n the contary, for the analysis

of bone stress argtrainon contact surfaces, the developmerd tfansversely isotroplmear

elastic model for cortical bone becomes essential, a task undertaken by multiple authors
(Innocenti B. et al., 2014; CowiA.C.et al., 2007; Soenen M. et al., 2013; Kayabasi O. et al.,
2007; Innocenti B. et al., 2046

Regarding cancellous bone, Cowin and Dotykamination (20073uggests thait can be
considered orthotropic or, in specific cases, transversely orthotropic. Despite often
demonstrating nonlinear elastic properties evelowtstrains (Keaveny T.M., 2005), it is
frequently modeled as linearly stec material (Pianigiani S. et al., 2018; Kayabasi O. et al.,
2007; van Jonbergen H.P. et al., 2012; Innocenti B. et al., 2009).

Authors Constitutive model and mechanical properties

Innocenti, B. et al., Cortical bone4 Transverselysotropic
(2014)
fYoungds Modu#17,800;EM®600; E= E
9,600;

fPoi s s o niis 0.BOaNizF @30;N23= 0.55;
Cancellous bong Transversely isotropic

fYoungds Modu+d44 BfIMHE=]99;, E
fPoi s s o niis 0.B8NizF @38;N23=0.23;

Soenen, M. et al., (2013 Cortical boned Transversely isotropic

Kayabasi O. etal., (2007 fYoungds Mo du#11,500;[MPLH00; B=E
17,000;

Innocenti, B. et al, gpoi s s o nis 0.RlanisE @31:Ny3= 0.31:
(20169)

Cancellous boné Linear isotropic

fYoungb6s Modulus [ MPa]: E
fPoi sson=s03®Rati o:

Innocenti, B. et al., Cortical boned Homogenous isotropic lineatastic
(2009)

fYoungb6s Modulus [ MPa]: E
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fPoi ssonm=s0.3Rati o:
Cancellous bond Homogenous isotropic linear elastic

fYoungbés Modul us [ MPa]: E =
fPoi sson@®=s03Rati o:

van Jonbergen, H. P. e Cortical boned Orthotropic
al., (2012)
fYoungds Moduy# 17,900;[EMP88B00; E=E
22,800;
1 SheaModulus [MPa]: G2 = 5,710; G1 = 6,580; Gs= 7,110;

Cancellous boné Homogenous isotropic linear elastic

fYoungbs Modulus [ MPa]: E =
fPoi ssonm=s0.3Rati o:

Table2.1 - Constitutivemodel and mechanical properties of both cortical and cancellous bone.

2.6LIGAMENT SAND TENDONS

Ligaments play &rucialrole in governing proper joint kinematics by guiding normal
movements angdrovidingpassive mechanical resistance to prevent abnonoamentsThe
anatomical configuratiorof the ligaments and therecise placement of thasertion site
significantly influence joint stability and motioMostly, ligaments and tendons exhibit load
transmission abilities along themainlong axeslfinocenti B. & Galbusera R2022), with their
responses to bending atatsion of lessimportance and often neglected. As thkseds are
transferredto the bones, the locationf the insertion points dictates the orientatioh the
ligamentbone forcesthussubstantiallyshaping thgoint kinematics (Veiss J. A., & Gardiner
J. C.,2001).

The LR and the MPFlplay a vital role in maintaining patellar stability. Actiregp static
resistance against lateral forces, they prevent patellar sublukatio the trochlear groove into

the transverse plania particular the MPFL functions as the primary pasdigamentrestraint

in the patellofemorajoint, contributing 50%60% resistance to lateral displacement within the
small flexion range (B0 degees) (nnocenti B. & Galbusera R2022). On the lateral side, the

LR aids in stability (Loudon JK. et al., 2016; Standring S. et al.,, 2008). However, the LR
remains poorly understood, with its precise anatomical landmarks yet to be exactly detailed
(ShahK.N. et al., 2017). The intricate balanbetween themedial and lateral restraints

represents a challenge for anatomeadluationBoth LR tightness and patellar instability can
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manifest as anterior knee pafdn the contraryLR release has shown pot&l to improve

patellar mobility and tracking (Unal B. et al., 2017).

In terms of the cruciate ligaments, the ACL experiences stretching during flexion, exerting a
more pronounced influence on joint kinematics in the latter phase of flexion, and ursdergoe
torsion during medialateral rotation. Anatomically, this ligament comprises two bundles
(Hassebrock J. D. et al., 202@hichact together to give the ACL its biomechanical properties:
the anteromedial bundle (aACL) and the posterolateral bundle (pAEdch bundlas of
importance at different points of knee flexion, contributing twoaisometricoehaviorof the
ligament. The load within the ligamestiangedetween bundles as the knee progresses through
its normal range of motion. Functionally, tA€L serves a dual purpose: acting as a primary
restraint against anterior tibial displacement and a secondary restraint for tibial axial rotation,
preserving the biomechanical integritgf the kneeand mitigating meniscal damage
(Hassebrock J. D. et al.020;Weiss J. A. & Gardiner J. @2001).

Similarly, PCL significantly influences joint kinematics, particularly in the initial degrees of
flexion. Also this ligament consists of twmnisometridoundles named posteromedial bundle
(pPCL)andanterolateral bundle (aPCL). These bundles exhibit complemérghayiorsatall

flexion angles, demonstrating reciprocal changes in length, tensioffibandrientation. At

full extension, the pPCL assumgsitness, providing substantial resistataehe posterior

tibial translationforce, and gradually shortening and adopting a more horizontal orientation
during flexion. Conversely, the aPCL remains longer and taut at 90° of flexion, but assumes a
more vetical orientation. The PCL primarily resists posterior tibial displacement and functions
as a major secondary restraint against external tibial axial rot&tleisg J. A., & Gardiner J.
C.,2001).

In the same wagscruciateligaments MCL fiberscan al® becategorisednto two functional
bundles:deep MCL (dMCL)and superficial MCL (sMCL). The roles of the superficial and
deep MCL are distinct (LaPrade R. F. et al., 2007). The sMCL serves as the primary restraint
against the opening of thvalgusatall flexion angles, while also cooperating with the ACL to
counteract anterior translation and internal rotation. This contribution to tibial rotatory stability
is most evident between 45° and 90° of knee flexion (Hassebrock J. D. et al., RO®R0).
superficgal and deep MCL serve as primary restraints against internal tibial rotation and
secondary restraints against anterior tibial displacement (LaPrade R. F. et al\W2@v].

A., & Gardiner J. C.2001).
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The lateral collateral ligament (LCL) acts as phnienarystabilizer preventing varus rotation of

the knee, particularly between 5° and 25° of knee flexion, while also resisting external tibial
rotation. Additionally, it acts as a secondary restraint against anterior and posterior tibial
displacementWeiss J. A., & Gardiner J. @2001).

Thepatellar tendois an essential component of the knee's extensor mechanism. Understanding
the function of PTunder physiological loading conditions is necesgaryinderstandknee
biomechanics. Despite numerous $gdn this structurBiomechanics, therarelimited data

on threedimensional (3D) PT deformation (alterations in both length and orientation) during
in vivo weightbearing flexion (Defrate L. E. et al., 2007). The length of the patellar tendon is
not unform, predominantly increasing from full extension to 30° of knee flexion, with minimal
alterations between 30° and 110° of flexion. Furthermore, the patellar tendon orientation shifts
from anterior to posterior as flexion angles exceed 60° (Defratedt.dt, 2007). This tendon

contributes to correct patellar alignment and knee extension.

The force ratio of thextensomechanisn{Lee D. et al., 2013) provides a waycamprehend
theforce distribution across the quadriceps and patellar tendon aedifidegrees of flexion.

The highest PT forces occur at 60 degrees of flexion. At flexion angles below 45 degrees, the
ratio of PT force to QT forcexceedd..0. Within this range, thegatellofemoratontact point is
locateddistally on the patellagiving the quadriceps tendon a mechanical advantagethe
contrary, the force ratio drops below 1 at flexion angles beyond 45 degrees, with the
patellofemoralcontact point moving proximally on the patella, giving the patedadon a

mechanical advantage.
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2.6.1 Mechanical properties and constitutive models

Ligaments and tendons have similar mecharbeslavior(Cowin S. C. & Doty S. B.,
2007); however, due to their differectmpositionstheir mechanical properties are different
(Figure 2.8).

£

tendon

stress

ligament

>

strain

Figure 2.8 - The unique stresstrain profiles of tendons and ligame
emphasize the higher stiffness and strength exhibited by teridonsdnti B
& Galbusera F.2022

These structures exhibit a clearly thdgpendent respons€¢win S. C. & Doty S. B.2007),
implying their viscoelastic nature. The loading process induces microstructural rearrangements
that require time for developmentTherefore the mechanical response of these tissues is
strongly influenced by the rate of strain and the durationadihg. Ligaments and tendons
alsoexhibit characteristic viscoelastliehaviorsof creep and stress relaxation; under constant
loads, thesamples undergo elongation over time, whereas under constant strain, the load needed
to sustain deformatiodecreasetgether with internal stress&vertime, viscoelastic effects
decrease untthey reactequilibrium. Their mechanical characteristics are strongly dependent

on the properties afollagenfibers.

To study the mechanical properties of these structunssnécessary to study their mechanical
response bperforming different experimenttdsts which reveal different material properties.
The mostommontests include uniaxial tensile tests to failure, creep tests, and relaxation tests.

From uniaxial testgerformed along multiple directions, significant anisotropehavior
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emerges in both ligaments and tendons, predominantly due to the unidirectorreaibated
collagenfiber structure Cowin S. C. & Doty S. B.2007).

Tensile teste tendon or ligamertissues argypically align along the collagdiber axis. This
procedure yields characteristionlinear load-displacement curves, which are similiar
ligaments and tendons, but exhibit a distinct contrast between tension and compression
responses (Figure 2.93dlagenfibers in fact, provide primary resistance to tensile loading
(Weiss J. A., & Gardiner J. C2001), while offering minimal resistance to compression and

bending.
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Figure 2.9- An illustrative umaxial load-displacement graph of ligaments
tendons, demonstrating the toe region, the linear region, and the segment
yield and failure occurlfinocenti B. & Galbusera F2022).

Under tension, the loadisplacement curve delineates three distinctive regionstoEhegion,
which exhibitsan exponential or quadratic shap&'eiss J. A., & Gardiner J. C2001),
highlightsthe low stiffness, attributable to progressively straightening crinfpests during
elongation. Consequently, initial minimal force levels irglsubstantial deformations and
elongation.Dueto a higher collagen content (up to 85%) and lower elastin content, tendons
generally exhibit greater stiffness and strength; the ligament's toe region is longer digso its
alignedcollagen fibers. Gendig, they can be stretched up to 5%% without damage, while
failure strains typically range around 12%5% and are elasticontent dependeifinnocenti
B. & Galbusera F2022).As thecrimps diminish, entering the linear region, the fibers start to
offer substantial resistance to tension, resultingincreasedstiffness and progressively
increasing force requirements for equivalent elongattowin S. C. & Doty S. B.2007). The
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transition from the toe to linear regions typically occurs at 1.3% strain, although marked
inter-specimen variability existsCpwin S. C. & Doty S. B.2007). The biomechanical
significance of the toe region remains somewhat elusive; ligaments and tendons are typically
preloaded in vivo, aligning their response with theear region. In thisphase,collagen
molecules are aligned alonige loadingdirectionand are tensioned. The slope of the linear
region describethe elasticmodulus of the tissugenerally ranging between 0.2 and 2 GPa
with considerable variability geendent on the biomechanical role and location of the tissue.
Subsequently, in the last phase, the response remains predominantly linear until failure; under
higher loads, collagefibers start to undergo damage and failuvéeijss J. A., & Gardiner J.
C.,2001), ultimately leading to yielding and failure of the specimen; the ultimate load and stress
denote the condition of complete tissue sample failareotenti B. & Galbusera F2022).

Ligament pre-strain

The estimation of reference strains, &deown as prestrains or in situ strains, presents
significant experimental challenges (Galbusera F. et al., 2014), often leading to assumptions
being made to address this issue and to correctly simulate the initial state of knee extension.
Experimental mesurement ofpre-strain in knee joint ligaments has been shown to be
nonuniform throughout individual ligaments and to vary depending on joint positieisg J.

A., & Gardiner J. C.,2001). Determining in situ stress and strain involves substantial
experimental complexities. Weiss et al. (2001) have measured changes in ligament stress and
strain from an unknown reference configuration due to the difficulty in establishing a unique
zerostress reference length. Optical and vibesed measurement techniques/e been
employed to establish a reference state of ggessallowing for themeasurement of in situ
strain.Unfortunately, there afemited dataquantifyingin situ strain levels, so many researchers

haveneglected in situ strain @ssumea unifom initial strain for all ligaments.

Baldwin et al. (2012) took amlternative approachfocusing on optimising mechanical
properties for tibiefemoralsoft tissuestructures on a specimapecificbasis,with consistent
results with previous findingsom other authors.

Blankevoort et al. (1991a) developed a method for applymguniform initial strains to
individual ligament elements within their 3D knee modi#ing an iterative procedure, they
minimizeddeviations between predicted and experimentadigsared flexion movements. The
algorithm adjusted the initial strain of each ligament until the model's reproduced kinematics

closely matched the previously measured experimental data.
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Table 2.2 presents commonly used-girain values found in the litetat.

Ligaments Pre-strain

aACL -0.05
pACL 0.07
aPCL -0.29
pPCL -0.14
MCL 0.04
LCL 0.05
MPFL 0.06

LR 0.4

Table 2.2- Ligaments reference strain at full extension finds in literat&teu( L., et al. 2022nnocenti, B.
et al., 2014; 2011Akbar, M., 2012; 2019)

Ligament wrapping

The knedigaments exert forces that extend beyond the insertion areas, not only in the
directionthat connectshe insertion and origin points. They demonstrate wrapbeitavior
among themselves or with bonesa{usera F. et al., 201%eiss J. A., & Gardiner J. C.,
2001). Forexample ligamentssuch asACL and PCL wrap around each other, whereas MCL
wrapsaround thebones. This phenomenon causes the transfer of soft tissue load at locations
different from themsertion sites and alters the direction of load transmissithresg insertion
points(Weiss J. A., & Gardiner J. @2001). Additionally, tendons that wrap around structures
experience notably elevated friction foréeshese wraparound sectior@agwin S. C. & Doty
S. B.,2007).

A significant number of studigbat uselD elements to model ligaments have neglected this
phenomenon of wrappindlankevoortet al. (1991b) were among the first to investigate
whether the wrapping effect of the MCL, represented by striiightelements, could be
overlooked. In certain specific scenarios where wrapping significantly alters force distribution
and direction, thisomission might considerably compromise result accurbloyever,the

overall impact of neglecting ligament wrapping was assessed to be less dramatic in other cases.
Classification of ligament models

Creating an accurate constitutive model for knee ligames a challenge due to the
complex mechanicabehavior of these structures. They exhibbnlinearity, anisotropy,
inhomogeneity, viscoelasticity, and undergo substantial deformations. A wide variety of
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element types and constitutive mode#ebeen erployed to represent knee ligaments, from
simple onedimensional elastic elements to complex tkotgeensional hyperplastic structures
with anatomically realistic geometries (Galbusera F. et al., 2014).

In the literature, oneimensional (1D) models (Bendjallah MZ. et al., 1995; Blankevoort L.

et al.,, 1991a, 1991b; Innocenti B. et al., 2014; Baldwin M. A. et al., 2086l)ne elements
such asprings, trusses, and beams. Tdvwmensional (2D) models (Baldwin M. A. et al., 2009;
ShuL. etal., 2022; Fitzprack C. K. et al., 2010) employ elements such as shells or membranes,
while threedimensional (3D) models (Pefia E. et al., 2005; 2086%0lid elements.

Line elements offer advantages including easy implementation, low computational cost, and
the potenal to represent ligaments through lealdngation relationships from experimental
tests and prstrain. However, thelack information on théehaviorof the transverselane,
requirespecial techniquds simulatdigament wrapping, and cannot predicess distributions
throughout the ligameni\eiss J. A., & Gardiner J. @001). On the contrary, 3D structures

can predict quantities inaccessible with 1D elements, provide improved anatomical realism, and
address wrapping limitations. However, theyqure a more complex model formulation,

significantly increasing computational costs (Galbusera F. et al., 2014).

In conclusion, when the main interest is the prediction of joint kinematics, linear ligament
models offer a quicker option with acceptable ootes Weiss J. A., & Gardiner J. @2001).
However, when the focus is on the ligament's biomechanics or its interaction with surrounding
tissues, a 3D model is essential to accurately capture the mecheahigaiorof knee ligaments.
Developing a comput&inal modelrequiresconsideration of all these aspects, and the choice
of an appropriatenodelingapproach should be basedthe specific application (Galbusera F.

et al., 2014).
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Ligaments as onedimensional elements

Nonlinear onedimensional (1D) elements remain a recommended and prevalent
approach for simulating the comprehendbehaviorof the knee (Galbusera F. et al., 2014).
The first mechanical tests revealed tiomlineamature of forceelongation curves for all knee
ligaments. These early insights influenced the development of initial numerical models for the
knee joint, employing eleemts capable of representingpnlinear force-strain or force
elongation relationships. These modesdfunctions that included quadrabehavioror were
guadratic only within the toe region, transitioning to lineaaityrward.Within these options,
the formulation presented by Blankevoort et al. (199Honction 2.1)s particularly notable,

being one of the most frequentiged(Figure 210).
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Figure 2.10- Forcei strain relationship of a generic ligameriil is the
threshold strain, which indicates the change from the toe to the linear r
(Blankevoort L., & Huiskes RL991).
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The function'Q- , thecurrent tensile force in ligaments or tendons, is assumed to be nonlinear
for low strains and linear for strains higher than a certain level (Figline) scalafQis the
transversalsection axial stiffness represenng the force per unit strain generdtén the
ligament.The valueg- is the threshold strathatindicates the change from the toe to the linear
region (the linear strain &mit was set at 0.03). The parametds the strain in the ligament

calculated from its length L and the zéoad length) :

At the jointreferenceposition,the initial strain in a bundle is given by the parameteiThis
parameter determines the zdéoad length of a ligament bundle starting from the reference

lengthO :

2.6.1.1Cruciate ligamerg

As mentioned above, (Pefia E. et al., 2006; Blankevoort L. et al., 1991b; Shu L. et al.,
2022), a prevailingpproach involves employing two distinct structures to simulate the ACL,
corresponding to its anatomically distinguishable bundles that exhibitedifferechanical
functions. However, for the sake of simplification, certain studies documented in thrifger
opted for a singkbundle ligament modeSimilarly to the ACL, amulti-bundleligament model
is also commonly adopted for the PCL. The representations of the ACL and PCL in finite

element models of the knee joint, as encountered in the literateiseinamarizedn Table 2.3.

Authors Model type and mechanical properties

Pianigiani S. et al.,, 1D model, single bundle for eatibament.

(2018)
Linear elastic material model
ACL:
fYoungbs Modulus [ MPa]: E -

fPoi ssonm@®m=s04Rat i o:
PCL:

fYoungb6s Modulus [ MPa]: E
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MfPoi ssonm=s04Rat i o:

Blankevoort L., & 1D model, two bundles for eatigament.

Huiskes R.(1991)
Quadratic stresstrainbehaviorin the toe region and linear
behaviorfor strains higher thag- (Function 2.1);

faACL and pACL stiffness: 5,000 [N];
{aPCL and pPCL stiffness: 9,000 [N];

Pefa E. et al., (2006) 3D model, two bundles for eatigament(aACL, pACL,
aPCL, pPCL).

Transversely isotropic hyperelastiodel

Mesfar W., & Shirazi 1D model, multiple bundles for eatibament.

Adl A. (2005)
Non-linear material properties

Shu L. et al., (2022) 1D axial connecters with no compressive stiffness, two bun
for eachligament.

Table 2.3- Model type and mechanical properties of ACL and PCL; a = antdriordle p = posterior
bundle

2.6.1.2Collateral ligamens

For the sake afhodelingsimplicity in knee joint analyses, the MCL is often treated as
a single bundleln contrastcertain researchers (Innocenti B. et al., 2014) have introduced a
distinction between the anterior and posterior bundles in their models, while others
(Bendjabalhh MZ. et al.,1995; Pefa E. et al., 20B&nkevoort L., & Huiskes R1991b) have
represented it as comprising three distinct segments: an anterior, a, rardia posterior
portion. Regarding the LCL, due to anatomical challenges in differentiatingpraldundles
within this ligament, 1D computational models typically adopt a single linear element to
represent it. However, in some investigations (Bendjaballah MZ. et al. ,1995; Pefia E. et al.,
2006;Blankevoort L., & Huiskes R1991b; Shu L. et al.,®2), the LCL has been partitioned
into three segments, namely, anteripgsteriorand medial, to provide a more detailed
description of the joint's mechanidahavior A comprehensive overview of these findings is

presented in Table 2.4.

Authors Model type and mechanical properties

Pianigiani S. et al.,, 1D model, single bundle for eatiament.
(2018))
Linear elastic material model
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Blankevoort L., &
Huiskes R.(1991)

Pefa E. et al., (2006

Innocenti, B. et al,
(2014)

Innocenti, B. et al,
(2011)

Mesfar W., & Shirazi
Adl A. (2005)

MCL.:

fYoungb6s Modulus [ MPa]: E
fPoi sson®=s04Rat i o:

LCL:

fYoungb6s Modulus [ MPa]: E
fPoi sson®=s04Rat i o:

1D model, five bundles for MCL (superficial part: aMCL,
IMCL, pMCL; and deep part: aCM, pCM), and three bundle
for LCL.

Quadratic stresstrainbehaviorin the toe region and linear
behaviorfor strains higher thag- (Function 2.1);

faMCL, iMCL and pMCL stiffness: 2,750 [N];
{aCM and pCM stiffness: 1,000 [N]
faLCL, mLCL and pLCL stiffness: 2,000 [N];

3D model, three bundles for edamment(aMCL, mMCL,
pMCL, aLCL, mLCL, pLCL).

Transversely isotropic hyperelastic model
1D model, two bundles for MCL and one for LCL.

Linear elastic material model
MCL (aMCL and pMCL):

fYoungbs Modulus [ MPa]: E -
MfPoi sson®m=s04Rat i o:

LCL:

fYoungbs Modulus [ MPa]: E -
fPoi ssonm®m=s04Rat i o:

1D model, two bundles for MCL and one for LCL.

Quadratic stresstrainbehaviorin the toe region and linear
behaviorfor strains higher thag- (Function 2.1);

T aMCL and pMCL stiffness: 2,750 [N];
T LCL stiffness: 4,000 [N];

1D model, multiple bundles for eatbament.

Non-linear materiaproperties
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Shu L. et al., (2022) 1D axial connectersithoutcompressive stiffness, three
bundles for eachgament(aMCL, mMCL, pMCL, aLCL,
mLCL, pLCL).

Table 2.4- Model type and mechanical properties of MCL and LCL; a = antdsiandle p = posterior
bundle i = intermediateébundle m = medialbundle

2.6.1.3MPFL and lateral retinaculum

MPFL and LR are two muetliscussed anatomical structuraadcertain researchers
in cadaveric examinationtace challenges in identifying these ligaments withipesific
anatomical specimenafter dissection.This situation has created debatdsout both the
functionality and the existence of the MP&hd thelR.

Consequently, the available literatuan these two ligaments remains quite limited.
Biomechanical investigations have revealed that the primary stalitizeron the medial side
of the patella is the MPFL (Criscenti G. et al., 2016), effectipedyenting subluxation of the

lateralpatellar.Similarly, the LR serves as a latestbilizerfor the patella.

Table 2.5showsa summary of what has been found in the literature.

Authors Model type and mechanical properties

Baldwin M. A. et al.,, Nonlinear, tensiofonly springs embedded in a lesvodulus,
(2009) hyperelastic deformable 2D model

Akbar M. et al., (2019) 1D model, thredbundle nonlinear tensile spring each

Mesfar W., & Shirazi 1D model, four bundles for MPFL, and three bundles for LF
Adl A. (2005)
Non-linear material properties
Shu L. et al., (2022) 1D axial connecteraithout compressive stiffness, single
bundle for eacligament.
Baldwin M. A. et al
(2012)
Table 2.5 Model type and mechanicpioperties of MPFL and LR.

'’ 3D fiber-reinforced structures

2.6.1.4Patellar tendon

If the focus of the study does noteresthe patellofemoral joint, computational models
in the literature often exclude the patella and the patellar tendon. However, when the
patellofemoral joint is a subject of interest, it can be represented using a variety of element
types, including 1D, 2Dgr 3D elements (Table 2.6).
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Authors Model type and mechanical properties

Pianigiani S. et al,
(2013% 1D model, three bundles.

Linear elastic material model:

fYoungbs Modulus [ MPa]: E -=
fPoi sson®=s04Rat i o:

Pefia E. et al., (206) 3D model, one bundle.

Transversely isotropic hyperelastic model

Baldwin M. A. et al, Nonlinear, tensiomnly springs embedded in a lemodulus,
(2009) hypekelastic deformable 2D model

AT b G (AP 1D model, 16bundle linear tensile spring

Mesfar W., & Shirazi 1D model, nine bundles.
Adl A. (2005)

Non-linear material properties
Shu L. etal., (2022) 2D fiber-reinforced structures

Table 2.6- Model type and mechanical properties of PT.

2. 7TMENISCUS

The menisci are important elements within the intricate knee systringas vital
multifunctional components. Their biomechanical complexity involves pivotak, such as
load distribution, shock absorption, stabil@ghancemengndfacilitation of lubrication.The
way the menisci execute these diverse tasks is deeply linked in their macroscopic and
microscopic anatomy (Markes, A. R. et al., 2020; Fox A. J..eR@l5). Theitbehavioris
entirely dynamic, efficiently fulfilling these functiong/henthe contact surface of theint is
expandedihey effectively disperse contact for@soss tharticular surfaces. In essence, they
redistributethe load distribtion across incongruent joint surfaces while preserving maximal
congruency (Pefia, E. et al., 2008gnisci showa complex thredayer arrangement of collagen
fibers strategically designed to transform vertical compressive loads into circumferential
streses (Markes A. R. et al., 2020). Specifically, the inner layer presents circumferentially
oriented fibergto respond tocircumferential stresses, while the intermediate layer contains
radially orientedcollagenfibers even if insmallerquantities. The dermost layer, the surface
layer, comprisedibers aligned parallel to the surface at various angles (Markes A. R. et al.,
2020).
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Biomechanical investigations (Fox A. J. et al., 2015) have undetiresctucial contribution

of the meniscito knee function: a substantial porticepproximaely 40-60%, of the load
impacting the extended knee joint is transmitted to the meniscy(8b lateral and 4®0%
medial). This transmission increases to approximately 90% during flelioder weight
bearing conditions, axial forces compress the menesaling to circumferential stresses. These
stresses are based on the conversion of axial force into tensile strain, facilitated by
circumferential collageriibers of the meniscusAs shown in Figure 21 the meniscus is
compressed by the force trantied from the femur and the force transmitted from the tibia,
Frem and Fib. It deforms radially being also anchored by the force transmitted through the
anterior and posterior meniscal harfs.: and Fost This causes a complex stress statee
vertical and horizontal projectisiir, and k are determined by the compression imposed by the
femur, while radial deformation induces circumferential forces. Hhus, part of the axial
contribution is transformed by processes reldtedhe horn shapeand anchorage, and the

response is through a radial forcesF

Figure2.11- Diagram of the forces acting on the meniscus in the loading
(Fox A. J. et al., 2015).

2.7.1 Mechanical properties and constitutive models

The microstructure of the meniscus affects its mechanical propertiet determines
the mechanicalresponse of the tissu&he knowledgeon the compressivebehaviorof the
meniscal tissue is limited; compression tests campdyéormedunder conditions ofcreep

(maintaining constant force while deformation changes) or relaxation (maintaining constant
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deformation while force changes) to distingutisé timedependent viscoelastic characteristics

of the meniscus. It emerges that the meniscus is approximately 1000 times stiffer in tension
than in compressiorinnocenti B. & Galbusera F2022),which allows for easyleformation

during application obxial load,accommodating the adjacent femoral condgled thetibial
plateauFurthermorethisunderscorethe propensitpf themeniscus t@ountercircumferential

tensile stress more effectively than compressive stress.

A summary of someonstitutive models of menisci findings from the literature is presented in
Table 27. In mathematical knee model formulation, for simplicity, the menisci are occasionally
omitted (Blankevoort L. et al., 199Blankevoort L., & Huiskes R1991). Conversg| they

are sometimes considered as linear, isotropic elastic materials (Pefia E. et al., 2006; Pianigiani
S. et al., 2018; Innocenti B. et al., 2014), or in other cases (Guess T. M. et alZi20adka

B., & Donahue T. L.2006; Bolcos P. O. et al., 28; Vaziri A. et al., 2008; Kwon O. S. et al.,

2014), they have beanaracterizeds transversely isotropic materials.

Authors Constitutive model and mechanical properties

Pefa E. et al., (2006) Singlephase linear elastic and isotropiaterial:

fYoungb6s Modulus [ MPa]: E
MfPoi sson®=s04Rat i o:

Pianigiani S. et al., Linear elastic and isotropic material:
(2018)
fYoungb6s Modulus [ MPa]: E

MfPoi sson®m=s04®Rat i o:

Innocenti, B. et al., Linear elastic andotropic material:
(2014)
fYoungb6s Modulus [ MPa]: E

fPoi ssonm®m=s04Rat i o:

Guess T. M. et al. Linear elastic transversely isotropic:
(2010);
fYoungds Mo d uird=ulS0; B MEOaEL = 20E

Zielinska B., & Donahue ¢p g i s s o n g = ORA: Mad =00:30:Nrag = 0.20:
T. L., (2006)

Kwon O. S. et al., (2014 Linear elastic transversely isotropic:

fYoungds Mo d uird=uUlS0; B MEOaEh = 20E
fPoi s s 0 ng=0RA8;M0N =00:30;Naq= 0.30;
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BolcosP. O. et al., (2018 Linear elastic transversely isotropic:

fYoungb6s Mo d ud=u59.6]EMP2;]E:= 2D;
fTPoi s s 0 nig=0akyi=06.0015N5g= 0. 0015;

Vaziri A. et al., (2008)  Transversely isotropic poroelastic:

fYoungds Mo d urd=ulB80; B« MPW&Y; Eas=E
0.075;
fPoi s s 0 njgs=0R28;M =00:30;Nag= 0.20;

Transversely isotropic elastic:

fYoungds Mo d uid=ul40; B MEOpEL = 20E
fPoi s s 0 njgs=0B8;Ma =00:20;Nag= 0.20;

Table 27 - Constitutive model and mechanical propertésnenisci

2.8ARTICULAR CARTILAGE

The articular cartilage is a viscoelastic substance composed of two distinct phases
(Cowin S. C. & Doty S. B.2007) the solid phase (extracellular matrix) and the fluid phase
(interstitial water). The significant fluid content within cartilage arises from the hydrophilic
nature of its proteoglycans, which also contributes to its swedkingvior as a result diigh
internal osmotic pressure. Consequently, the biphasic nature of cartilage plays a crucial role in
shapingts mechanical properties and its lelaebringcapability;alsoserves to decrease matrix
pressure when subjected to loads, safeguardihgnib¢entiB. & Galbusera F2022).

Typically, the thickness of articular cartilage can be dividetb four primary zones,
distinguished by varying collagdiber arrangements and orientationgiich leadgo dissimilar
mechanical responses, necessitattagoustests toscrutinizethe mechanical traits of this
material (nnocenti B. & Galbusera F2022). Typically, indentation tests are used to evaluate
the behaviorof the superficial tangential zone, while the analysis of the deephbairasior

requires compregm tests
2.8.1 Mechanical properties and constitutive models

The articular cartilageshowsa time-dependenbehavior that can be approximately
described assumingscoelasticproperties If the loadingtime remains considerably shorter
than the recovery timejscoelastic materials behave like elastic materials. Compresfiba
articular cartilage lead® changes irpressureand interstitial fluid flow through thpeorous
permeableextracellular matrix (ECM). This flow leads to frictional resistance, prigmari
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attributing to the viscoelastic property of cartilage during compressiorodenti B. &
Galbusera F.2022). Tosummarize the mechanical characteristics of articular cartilage are
nonlinear and timelependent, qualifying it asporo-viscoelastianaterial

Table2.8outlines theoredominantnodel types and material parametdeselopedor the knee
joint articular cartilage. Initially, a linear continuum model wiaged,coupled with poroelastic
models that assumed the fluid and magomponentso be incompressible (the biphasic
theory). These models of articular cartilage presumed the colfagésoglycan matrix to be

an incompressible, poroyermeable solid matrix, and the interstitial fluid to be incompressible
as well Cowin S.C. & Doty S. B.,2007), and it was necessary for providing a comprehensive
representation of this complex materig&havior However, linear models (DeVries Watson
N. A. et al., 2015Mesfar W., & ShiraziAdl A. 2005; Pianigiani S. et al., 2018ielinska B.,

& Donahue T. L.2006; Bendjaballah MZ. et al., 1995; Innocenti B. et al., 2014; Guess T. M.
et al., 2010; Pefa E. et al., 2005) offer notable advantages due to their capsaite tihe

problem with fewer parametets be evaluated

Authors Constitutive model and mechanical properties

DeVries Watson N. A. e Linear elastic and isotropic material:

al., (2015)
_ fYoungbds Modul us [ MPa]: E

Innocenti, B. et al, qpoij ssonm=s04Rati o:

(2014)

Mesfar W., & ShiraztAdl Homogeneoussotropic material:

A. (2005)
fYoungds Modul us [ MPa]: E
fPoi ssonm=s04Rat i o:

Pefa E. et al., (205) Singlephase linear elastic and isotropiaterial:

fYoungbés Modul us [ MPa]: E
fPoi ssonm=s04Rat i o:

Guess T. M. et al. Linear elastic and isotropic material:
(2010);
fYoungbs Modulus [ MPa]l: E

fPoi ssond=s04Fat i o:
Pianigiani S. et al., Linear elastic and isotropic material:

(2018)
fYoungb6s Modul us [ MPa]: E
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fPoi ssonm=s04Bat i o:

ZielinskaB., & Donahue Linear elastic isotropic antomogeneoumaterial:
T. L., (2006)

fYoungb6s Modulus [ MPa]:
fPoi ssond=s04Bat i o:

Bendjaballah MZ. et al., Linear elastic and isotropic material:

(1995)
fYoungb6s Modul us [ MPa]:

fPoi ssond®=s04Rat i o:

Table2.8- Constitutive model and mechanical properties of menisci.
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CHAPTER 3 - MATERIALS AND METHODS

Finite Element Analysis (FEA) represents a widely employed approach that enables the
prediction and examination of an objedt&havioracross various physicabnditionsthrough
calculations, models, and simulatiors.facilitates theoptimization of conponentsof a
complex structure during the desighase,allowing oneto reduce the number of physical

prototypes to build and the number of experiments.

FEA is based on théanite Element method, a numerical technique that subdivides the complex
object umer testing into a finite number of subdomains, called finite elements, interconnected
at points denoted as nodes. This methtddws engineering problems described by partial
differential equations (PDES), providing an approximate solution. The analyssormed by
creating aneshmade of a number of small elements which form the shape of the structure
Computation is performed on each individual elemerdrtive atthe ultimateresultfor the

entire structure.
3.1RESEARCH AND ANALYSIS OF DICOM IMAGE DATA

As a starting point, DICOM (Digital Imaging and Communications in Medicine) images
related to a lower limb CT scan were searched. Indeed, even though our focus is only on the
knee joint(specifically, the left knee has been chosen for studyjtage examinations and
references concerning the entire limb are required for the selection of the native physiological
knee Therefore, it was necessaryselectthe DICOM file of interest, sincaostof CT scans

were from patients with varus or valgussues.

The selection wasarried ouby measuring the femoral mechanical angle (FMA) and the tibial
mechanical angle (TMA), referring to the values found in the literature for a neutral knee
alignment(Marques Luis N. et al., 2021; Moser L. B. et al.22MHirschmann M. T. et al.,
2019.

DICOM images were uploaded and displayeging a 2D image processingrogram for
subsequent design and development of tdieensional models. An approximate
segmentation of the 2D images was performed to calculatentjles of interestfFMA and
TMA).

"Varus is an angulation of the knee joint where the lower leg deviates inward, while valgus is an angulation where the lower
leg deviates outward. These terms describe specific knee joint alignment deviations.
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Accordingto theexisting literature, a knee with neutedignment has jointline inclined by

3° (3° varus alignment in the tibia ald valgus alignment in the femur). This simplified
approach assumes parallel orientation of joint lines, with the FMA at 93° and the TMA at 87°.
Furthermore, only a small portion of the population appeatsat®a 3° oblique joint line
(HirschmannV.T. et d., 2019).

The FMA represents the angle e medial side between the femoral mechanical axis and a
tangent drawn to the distal femoral condyles. Similarly, the TMA is the medial angle formed

between the tibial mechanical axis and a tangent drawn to the tibial plBigare3.1).

|

NEUgy,0°
93°11.5

NEUa0°
87°+1.5

—TMA

Figure 3.1- Measurements of the femoral mechanical angle (FMA) and tibial mechanical angle
NEU=ma0° ranges from 91.5° to 94.5°. NERLAO° ranges from 85.5° to 88.5° (Hirschmann M. T. e
2019).

The selected OM file shows an FMA of 93.5° and a TMA of 87.4°.

3.2IMAGE SEGMENTATION, 3D MODEL CREATION, AND POST -
PROCESSING

At this point, the 2D imagewere segmentedo create the main structures of interest

(femur, tibia, patella, menisci, and articular cartilages).
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With thethresholdingcommand, the segmentation phase was developed; it was possible

to highlight the structures of our interest by manually editingttinesholdingranges and

creating appropriatmaskgshown in Figure 3.2).

Figure 3.2- The software's graphical interface consists of three different views of the same image
(top left), axial (top right), and latetgbottom left). The following are represented: cortical bone of fe
tibia, and patella in light brown; cancellous bone of the same bone components in light pin
corresponding articular cartilages in blue; and finally the menisci in green.

Generating 3D from thesrasksit beameapparent that the volunveasnot free of noise and
imperfectionsand therefore needs to be corrected. To eliminatprttdemsjt wasnecessary

to operate on thmaskghrough commands thatlow oneto remove parts of the image that are

not ofinterest to the component in question or, in the opposite case, to select and add areas that
belong to that district. The models created still have numerous errors and incongruencies. For
this reason, a pogtrocessing operationad tobe performed. Thisrpcess is a key step for
visualizationand operations on the modsinoothingwas therperformed,and any holes that

were present have been filled in. NexB@oleansubtraction had to be performed, in cases in
which the various geometries were about to compenetrate, in order to avoid problems during
the following finite element analysis. A representation of the complete 3D model is shown in

Figure 3.3.
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Figure 3.3 - Representation of the 3D model in the anterior, posterior and lateral views, respec

3.3FINITE ELEMENT MODEL

The structures included in this work are subsequently listed:

distal part of the femur;

proximal part of the tibia;

patella;

articular cartilagef thefemur,tibia, and patella
menisci;

patellar tendoPT);

guadriceps tendon (QT);

anterior cruciate ligament (ACL);
posterior cruciate ligament (PCL);
medial collateral ligament (MCL.)
lateral collateraligament (LCL)

medialpatellofemoraligament (MPFL);

=4 =2 =2 =4 A4 -4 -4 -4 -4 A -5 -5 -

lateral retinaculum (LR).
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The fibular boneas in most of the work found in the literatusas not taken into account.

Software Abaqus was used to perform all the Finite Element simulations. ABAguS/
is an interactiveenvironment that isised to create FE models, submit analyses, monitor and
diagnose jobs, and evaluate results. The 3D model of the knee joint was inmortee FEM
analysis environment, where the necessary setups were arrangedtte simulations. In
Abaqus/CAE it is possible to define material properties, interactions and constraint, boundary
and loadingconditions,and to mesh the different parts of the model. Then, to perform the
analysis, Abaqus/Explicit was used, an explitynamics finiteelement solver that is well
suited to simulate brief transient dynamic events. This solver has the ability to effectively
handle severelponlinear behavior suitable for models that can undergo large rotations and
large deformations.tlis computationally efficient for the analysis of large models with

relatively short dynamic or quastatic response.

In the case of the explicit method, there is no enforcement of equilibrium, but this does not
mean that it is not accurate. It is pasitominimizeits deviation from equilibrium to almost

zero by increasing the number of solution steps, i.e. reducingtithestep size.
Abaqus/Explicit determines the solution to a nonlinear problem without iterating, but by
explicitly advancing the kiematic state from the previous increment (Abaqus Analysis User's
Guide, Abaqus/CAE User's Guide).

3.4PART MODULE

Parts serve as the foundational elements of an AbaquaiAlEl, andhrough the Part
module,it is possible to generate, modify, and oversesdl@mmponents within the present
model.

In addition to the components obtained from segmentat@muons,and ligaments are also

considered in the model.

Cruciate ligaments anepresented as 1D elemgrghaped by spring elemerttsat represent
the differentfiber bundles of the ligamepassumed to beonlinearelastic.Collateralligaments,
MPFL, LR,PT,and QT were discretized witBD shell elements.

The selected geometric attributes for this investigation, as ddroveddata from théiterature
(Innocenti B. et al., 2014; Staubli H. U. et al., 1999; Hassebrock J. D. et al., 2020; Hashemi J.
et al., 2005; LaPrade R. F. et al., 2007; Amis A.A. et28103; MesfarW. & ShiraziAdl A.
2005), are detailed in Table 3.1. In the context of the cruciate ligaments, thasertesal

53



area,width, and the thickness of the bundlesvebeen excluded, as they are not essential for

theimplementation of the modle

Ligaments/ Length at full Width Cross Thickness
Tendons extension sectional area
[mm] [mm] [mm?] [mm]
aACL 34.5 - - -
pACL 36.1 - - -
aPCL 29.9 - - -
pPCL 31.2 = - -
MCL 108.6 10.8 14 1.3
LCL 69.6 4.6 18 2.6
MPFL 65.9 16.8 42.7 2.5
LR 45.9 13 28.5 2.1
PT 67.2 35 (patella) 36.8 1.2
26 (tibia)
QT 68 25 64.6 2.7

Table 31 - Geometric sizekundin theliterature of ligament and tendon bundles.

3.4.1 Reference Coordinate System

Following the methodology outlined by Grood and Sunday (1983), two separate and distinct

reference systems were defined for the femur and tibia parts.

Reference system of the femur

Thereference system (Figure 3.4) was established with the following components:
1 an axis aligned with the mechanical axis of the femuax(g);

1 an axis aligned with the anatomical transepicondylar axis, which runs through the
medial epicondyle and the lateepicondyle of the femur, representing the flexion

extension axis @axis);

1 an axis that is perpendicular to the two axes mentioned abaes(y
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Figure 34 - Femur coordinate system

Reference system of the tibia
The tibial reference system (Figure 3.5) was created with the following components:

1 an axis aligned with the mechanical axis of the tibia, representing the axis of nternal

external rotation @axis);
1 an axis aligned with a line connecting the approxinateerof each plateau (axis);

i an axis that is perpendicular to the two axes mentioned abas)y

Mechankt

EAxi s paral/l
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¥
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Figure 35 - Tibia coordinate ystem
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3.5ASSEMBLY MODULE

When a part is created, it maintains its own coordinate system, which is independent of
other parts within the modeDn the contrarythe Assembly module issedto generate
instances of these parts and to position these instances in relation to oee\aitbih a global

coordinate system. This process results in the creation of the assembly.
3.5.1 Positioningand partitioning on the bone for insertion

In the current model, information from literature studies (Hassebrock J. D. et al., 2020;
Innocenti B. et a).2016b; Victor J. et al., 20@9LaPrade R. F. et al., 2007; Steensen R. N. et
al., 2004; Amis A.A. et al., 2003) was combined to identify the tilbehoral,and patellar
attachment sites for each ligament and tendon. The knee model was constructezhlibse
documented anatomical positions of the primary soft tissue insertions, as outlined in various
sources from the literatur&his processvas designetb determine thg@recise locatiomf the

attachmentor the origin and insertion pointé theindividual ligaments and tendons.

Specifically, following the methodology developed by Innocenti et al. (2016b), the insertion
points of the cruciate and collateral ligaments were identified in the software used for
segmentation. Once the origin and insertion points of each teratawh ligamerg were
established, these points were imported into the Abaqus modicitdate subsequent
positioning of themodelcomponents.

After placingthe tendons anlijamentsthe tony parts were partitioned at the insertions. This
procedure wasperformedto facilitate the subsequent definition of the constraints and

interaction properties between the soft tissues and the bone component.
3.5.1 lllustration of the total model

In Figure 3.6the comprehensive model, comprising all elementshasvnin the full
extensionreferenceconfiguration.Bony components are shown in pink, articular cartilage in

brown, tendons and ligamentsgrey, and menisci in white.
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Figure 3.6 1 Top left: anterior view; top right: posterior vie
bottom left: medial view; bottom right: lateral view
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3.6MATERIAL PROPERTIES
To begin with,each component wassignedan appropriate material.
3.6.1 Bone- cancellous, cortical, paflar

Cortical bone and cancellous bone, both present in the tibia and femur, exhibit distinct
properties According tothe findings in the literature (Kayabasi O., et al., 2007), cancellous
bone ischaracterizeds a linear elastic isotropic material, \ghcortical bone is considered
transversely isotropic to accurately represent its capacity to support greater stress in the
longitudinal direction. The patella, consisting only of cortical bone, is assumed to be linear

elastic and isotropic (Jonbergen HeRal., 2012).

The properties andehaviorsof the selected materials foortical,cancellouone,and patellar

bone are detailed in Table 3.2.

Material YoungoPoi s s o Shear Density
behavior Modulus ratio Modulus
[MPa] [MPa] [g/cm?]
Cortical _Transv_ers_ely E: = 11,500 Ni2= 0.51; Gi2 = 3.600:
L1 isotropic inear g, =11 500; m=0.31; Giz=3,300; d=1.85
e Es=17,000; p,.-gg31  Ges=3,300;
Cancellous Homogeneous
bone isotropic linear _ ; _ . ) _
elastic E=2130; 1= OhEl) d=1

Patellar Homogeneous

bone isotropic linear £ = 15 goo: N = 0.30" - d=2
elastic Y

Table 3.2 Material properties of tibia, femyand patella
3.6.2 Articular CartilageandMenisci

The meniscand thearticular cartilagevereassumed to exhibit linear elastic isotropic
behavior Parameters consistent witkesfar W., & ShiraziAdl A. (2005) and Kwon O. S. et
al. (2014) weraisedfor the cartilage layer. Howevan modelthe materiaproperties of both
menisci, the approach outlined in the studies by Pianigiani et al. (2018) and Guess T. M. et al.
(2010) was chosen.

The material properties amehaviorsof these components alescribedn Table 3.3.
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Material YoungoPoi s s o Density

behavior Modulus ratio
[MPa] [9/cm?’]
Articular cartilage Linear elastic
isotropic E =12 N = 0.45; d=1
Menisci Linear elastic
isotropic El= 53 N = 0.49; d=11

Table3.3 - Material propertiesof thetibia, femur,and patella
3.6.3 Ligament and Tendon

To avoid neglectinghe effect of wrapping between the ligaments and between the
ligaments and the bone component, it was decided to represent the collateral ligaments, MPFL,
LR, PT,and QT as 2D shell elements.

However, considering that in healthy conditions and withoytiegh loads, ligaments and
tendons are never completely unloaded, rendering the toe region almost negligible, a decision
was taken to represent them as linear elastic isotropic materials.

In anycasejt is essential to considemanzergpre-strain valudor these ligaments, as they are
already under load in the extended position. This consideration does not apply to the patellar
tendon and the quadriceps tendon. The values of thesdrame areshownin Table 2.2
(Chapter 2).

A comprehensive summary tife properties of these ligaments and tendons can be found in
Table 3.4 (Pianigiani et aR018 Innocenti B. et al., 2014; Staubli, H. U. et al., 1999; Criscenti
G. et al., 2016).

Material YoungoPoi s s o Density
behavior Modulus ratio
[MPa] [g/cm?]

MCL Linear elastic

isotropic E = 362; n=0.45; d=1.67
LCL Linear elastic

isotropic E = 228; n = 0.45; d=1.67
MPFL Linear elastic

isotropic E =211; n=0.45; d=1.67
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LR Linear elastic

isotropic E = 30; n=0.45; d=1.67
PT Linearelastic

isotropic E =507; n=0.45; d=1.67
QT Linear elastic

isotropic E = 344; n=0.45; d=1.67

Table 3.4 Material properties of MCL, LCL, MPFL, LRT,and QT.

3.6.3.1Cruciate ligamerg

Cruciate ligaments are shaped bynlnear springelements, simplified as 1D axial
connectors without compressive stiffness.

The stiffnesdorce relationshipf ligaments, which exhibits nonlinear elastic characteristics
with respect to the ze#load region (Shu L. et al., 2022), wa®deledin accordancevith the
approach proposed by Blankevoort et al. (199a$&)gFunction2.1 described in Chapter 2.

This function allows the representation of tlumlinearforce-strainbehaviorof the ligaments,
as illustrated in Figure 3.7. Instead, the material paramegedfor the cruciate ligaments are
provided in Table 3.5 (Blankevoort et al.,1991b; Shu L. et al., 2022; Galbusera F. et al., 2014).

i Force-strain behavior of cruciate ligaments
(> T T T T T

—aACE\
—pACL
aPCL

500 | ‘
—pPCL

400 -

Axial force [N]
w
3

200

100 -

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

0! | | |
€

Figure 3.71 Forcestrain curve of cruciate ligaments; a: anterior, p: posterior.
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Stiffness k Reference strain Reference length

or pre-strain L
[N] E, [mm]
aACL 5,576 -0.05 35.9
pACL 4,901 0.07 34.1
aPCL 8,214 -0.29 36.7
pPCL 6,146 -0.14 39.2

Table3.5- Material properties for the cruciate ligament&s the linear stiffness used in Function 2,1is
the reference strain andis the reference length of the ligaments in full extension.

3.6.3.2Pre strain

Thermalexpansion was applied to model the initial deformation of the ligaments by

assigning a negative expansion coefficient in the material assignment of each ligament.

In Abaqus/CAE the expansionnsodeledas follows(Abaqus/CAE User's Guide)

M1 - isthe thermastrain

1 | isthe coefficient of thermal expansion, coincident with the initial stra{malues shown
in the Table 2.2, Chapter 2);

1 —e—are the current chosen temperature of 1 K and the reference temperature of 0 K

respectively
3.7MESH GENERATION

Femur tibia, and patella were partitioned to create a finer mesh in the regions of interest,
that isthe region near the articular cartilagel éime partitions for ligament insertionimstead,

a coarse mesh waseatedn the proximal femur and disttbia, respectively.
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To patrtition the tibia, twelanesperpendicular to its mechaniaatis were identifiedT he first
plane is located 35 mm from the most proximal point of the tibia, while the second plane is
located 75 mm from the same reference point, resulting in three distinct bone partitions

Similarly, the femur was partitioned into threectionsusingtwo planes perpendicular to its
mechanical axis. These planes were located at distan&&saofd 157 mm from the femur's

most distaboint of the femur.

The resulting mesh of the total model is shown in Figureéh8has 242,301 elements and
48,109 nodesThetype andshape of the elementhosen for eacphartand the total number of

elements can be found in Table 3.6.

Figure 3.81 Zoom of the total model mesh.
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Parts Number of Elementtype and shape

elements
Femur 145,583 C3D41 a 4node linear tetrahedron
Sy grtlcular 19,223 C3D41 a 4node linear tetrahedron
cartilage
Tibia 38,843 C3D41 a 4node linear tetrahedron
Tibia articular cartilage 6,353 C3D4i a 4node lineatetrahedron
Patella 12,428 C3D41 a 4node linear tetrahedron
FEIEIE _artlcular 6,262 C3D41 a 4node linear tetrahedron
cartilage
Lateral meniscus 6,685 C3D41 a 4node linear tetrahedron
Medial Meniscus 4,961 C3D41 a 4node lineatetrahedron
MCL 456 S4Ri a 4n_ode doubly_curved thin shel
linear quadrilateral
LCL 208 S4Ri a 4—n_ode doubly_curved thin shel
linear quadrilateral
MPEL 480 S4Ri a 4n_ode doubly_curved thin shel
linear quadrilateral
LR 240 S4Ri a 4—n_odedoub|y _curved thin shell
linear quadrilateral
PT 280 S4Ri a 4n_ode doubly_curved thin shel
linear quadrilateral
oT 300 S4Ri a 4node doubly curved thin shel

linear quadrilateral
Table 3.6 Number, type and shape of elements used for gatlof the model.

3.8INTERACTIONS

Once the materials were assigned, the contact relationships between the surfaces of the

components belonging to the model were defined.

All the interactions beteen the cartilagbone, cartilageartilage, cartilageneniscj and
ligamentbone interfaces werestablishecaccording to previous studiekigocenti B.et al.,
2014; 2011; Pianigiani S. et al., 2018; Markes A. R. et al., 2020).

In detail, at the tibial cartilagmenisci interfaceand thefemoral cartilagenenisciinterfaces,
a general contact wased with a coefficient of friction equal to 0.0The same type of contact
was usedbetween ligaments and bone interfadrgwith afriction coefficient equal to 0.04.
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Instead, a surfaem-surface contact definitiowasused as an alternative to general contact to
model contact interactions between cartitagetilage interfaces, suclas tibial cartilage
femoral cartilage and femdreartilagepatellar cartilagewith a coefficient of friction equal to
0.001

3.9CONSTRAINTS
Bones

The distal portion of the tibia was coupled to a reference point situated 371 mm from the top
surface of the tibial plateau, located at the ankle joint, and aligned with the tibial mechanical
axis. For the femur, the rotationenteralong the transepicontly axis was determined. The
proximal part of the femur wasoupledto this pointwhereflexion of the femur was applied.

In Figure 3.9areshown theconstraintof the bony components.

Figure 3.97 Femur coupling on the left; tibia coupling on
right.
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Soft tissues

Todetermine the constraints more precisely, the ligasngare divided into three parts:
the two extreme parts represent one the origin and the other the insertion of the ligament on the

bony components.

For all ligamentsandtendons, a coupling constraint was applied between their insertion and
origin surfaces and the insertion areas on the bony components. The coupling coalitraints
oneto constrain the motion of a surface to the motion of one or more points. In thetail,
insertion area of the ligamenits the femur tibia, and patella was considered as the surface
area; while the nodes of the partitions made on the ligaments were taken as control points (as
an example in Figure 3.10 the coupling between MPFL, LR aadtimy components is

shown).

Figure 3.10- Coupling between the bone components and the MPFL a
Highlighted in pink are the nodeaused for the constraint.

Instead, for the quadriceps tendon, a reference point was created on its proximal part. This point,
where the quadricepeadwas applied, was coupled with the nodes of the superior surface of
the tendonThe same pointvas tha@ coupled withthe centerof rotationof the femur(Figure

3.11) so that the tendon would follow the femur duriegion, allowing the translations the

anteriorposteriorand proximaidistaldirections.
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Figure 3.11- Quadriceps tendon couplings.

3.10 LOADING CONDITION

To simulate the action of the quadriceps, a load was applibdraferencepoint of the
tendon(shown in Figure 3.11)hetabular definition method to define the amplitude curve as
a table of values at convenient points on the timke srathis case from 0 N to 1100 N (Victor
J., 2009b), and then Abaqus interpolates linearly between these values. Throughout the entire

flexion movement, the force direction remains parallel to the anatomical axis of the femur.

Similarly, an axial forcef 2500 N was applied at the reference point of the tibia, directed along

its mechanical axis.
3.11 BOUNDARY CONDITION

Boundary conditions for the femur weappliedat thecenterof rotation.Specifically, a
singlerotation was appliedround the flexiorextensioraxiswhile fixing rotations around the
other two axes and all potential displacemenite flexionwas imposed by defining a tabular
amplitude of values from 0 to 90 degrees, with a linear increase during the step time.

In cortrast,for the tibia, the boundary conditions were appkeds reference point, and all
possible rotations and translations were alloveadgptrotation in the flexiorextension axis,
ensuring complementary degrees of freedom between the two bones.
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3.12 CREATION OF PATELLA ALTA AND PATELLA BAJA MODELS

The objective of this study was émalyzethe kinematics and contact forces within the
knee, specificallyfocusing on the patellofemoraljoint. This analysis was conducted with
consideration of both physiological and pathological conditions, abeddie patella baja and

patella alta conformation.

Thus, from the nativenodeltwo other different models were implemented, one for the patella
baja and one for the patella alta. As described in Chapter 1, the Blacitrehiaedex was used

to define patellar height (Luyckx T. et al., 20@ackburne J. S. & Peel T. EL977). In
particular, Blackburnéeel indices of 0.59 for patellaaja and 129 for patellaalta were

considered.

After the placement of the patelthg samenesh interactions, constraintiads,and boundary

conditions of the native model were considered for both models and presented above.

The three models are shown in Figure 3.12.

T[T[TVT[T[T[TDT[T[TITIHTTTTTT[T[T[TFJET[T[T[T[T[T[

5 <
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-

& 4

Figure 3.12- Three models compared: patella alta on the left; native patella in the center; patella |
the right.

3.13 ANALYZED TASK

The kinematics of the knee joimtasstudied using an open kinatic chain approach,
which simulated three different conditions: a native knee, a knee with patella alta, and a knee
with patella baja. In this setup, an open kinematic chain consists of a series of articulated
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segments where the proximal part of the eritg is fixed or not free to move, while the distal

part is allowed to move freely in space. In this specific model, the femur and tibia represent the
two segments of the chain, with the knee joint serving as the articulation point. The simulation
began inthe full extension referenceonfigurationand the flexion of thédemur gradually

increased fron®° to 90°, while the tibia remained unconstrained.
3.13.1 Step module

To conduct the analysis, a specific step was defined. The total time period for the
analysis wa set at 6.%. During the initial second of the analysis, no loads were applied,

allowing pre-strain of the ligaments.

Within thismodule, themass scaling was configurezhoosinga value of 18. Mass scaling is

a parameteusedin Abaqus for explicit analysis to adjust the mass of the entire model at the
beginningof each stepComplex dynamic models frequently involve a few small elements,
which will force Abaqus to employ small time incremefithesesmall element®ften result

from a difficult mesh generation task. By scaling the masses of these influential elements at the
beginning of the step, it is possible to substantially increase the stable time increments.
However, this adjustment tygilty has a negligible impact on the overall dynabebaviorof

the modelThereforewhen the mass scaling factonised the masses of elements with a time
increment smaller than the usizfined time increment are adjusted, making their time
incrementamatch thevalue specified by the useFhe aim of mass scaling is to enhance the

computational efficiency of the analysis.
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CHAPTER 4 RESULTS PRESENTATION AND DISCUSSION

4.1RESULTS

The objective of this computational study is to examine the biomechanical impact of
varying patella height opatellofemoralforces and kinematics. To this end, the following

variables were considered and extracted from each test to evaluate the results of the simulations:
1 anteriorposterior translation of the femur relative to the tibia
1 internalexternal rotation of the tibi@iibial axial rotation)
1 internalexternal rotation of the patella (patellar tilt)
71 flexion-extension of the patella
1 anteriorposterior translation of the patella relative to the femur
1 mediolateral translation of the patella relative to the femur (jaeitshift);

1 contactvariables (force, area, and pressumejhearticular cartilag®f femur, tibig and

patella

The kinematic results and contact variables obtained from each simulation were compared to
assess the range wdhich thejoint function is #fected by the alteration of patellar tracking

caused by the baja and alta configurations of the patella.
4.1.1 Tibio-femoral kinematics

All of theanalyzedtases exhibit a consistent kinematic pattern, although with variations
in magnitude compared to the native reference condition. Initially, there is a phase of internal
rotation, typically occurring between 0 and 15 degrees of flexion. Subsequentlybithe ti
undergoes external rotation, accompanied by anterior translation of the femur as flexion
progressed-orthethree models, native, patelita,and patella baja, Figure 4.1 and Figure 4.2
showtheinternatexternalrotation of the tibiaandthe antereposteriortranslation of the femur,
respectively. During the first 15° of flexion, the tibia rotates internally to a maximum of 2.24°,
1.50° and 1.80° for the native model, patella alta and patella baja, respectively. Then it rotates

externally for 6.61°5.98° and 4.67°, respectively (Figure 4.1).
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Tibial_axial ro_tation

i=S

—Native model
—Patella alta model
Patella baja model
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Figure 4.1- Tlbial axial rotation. Decreasing valsaepresent internal rotation and increasin
values external rotation.

As for the femur, it moves forward by 8.16 mm, 8.04 mm and 8.54 mm for the native patella,
patella alta and patella baja, respectively, followed byadgal posterior translation (Figure
4.2).

Femoral Anterior-Posterior Translation

e [&)] [o)] ~ <o
T T T

Displacement [mm]
w

—Native model
— Patella alta model
Patella baja model

0 10 20 30 40 50 60 70 80 90
Femoral flexion [°]

Figure 4.2 - Femoral anteriorposterior translation.Increasing values represent antel
translation, aécreasing valug represent posterior translation.
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The position of the patellaalfa or bajg varies in a plane orthogonal to that where antero
posterior translation of the femur occurs. Therefoliferent heights of theatellado not
induce any effect on thimovement.

The differences in theoot mean square valyBMS) between the native modahd thepatella
altakinematics are 0.84° and 0.45 mm for tibia rotatiod thefemur translation, respectively.

While the RMS between the native and patedigare 083° and 0.66nm.

4.1.2 Patellofemorakinematics

In terms of PF kinematics, all casmsalyzedalso showed a consistent trend, although
with variations in amplitude from the native reference conditidre patellarshift was not
considerably affected by the different patellar heights (Figure Mdayever thetilt was more
affectedby the different heights of thepatella (Figure 4.3). In all conditions, the patella

consistently translated posteriorly and flexed relative to the femur (Figure 4.4 and Figure 4.5).

The results indicated that the patella baja produced a more lateral tilt, greater than 13°
during knee flexionRegardingthe patellaalta in the first20° of flexion, an internal rotation
of 1.7° followedby anexternalrotation ofup to 3.95°. The patella in the native model shows
an external rotation of up to 9° (Figure 4.3).

Patellar tilt
14

—Native model
12 — Patella alta model !
Patella baja model

—
» (o] o

Rotation [°]
i S

-4 | | | 1 1 J
0 10 20 30 40 50 60 70 80 90
Femoral flexion [°]

Figure4.3- Patellar internal- external rotation (tilt) Negative values represanternal rotatior
(medial tilt), positive values represent external rotation (lateral tilt).
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The patellaflexion, for all three models, increases with increasing knee flexion, and the patella

is more flexed in the patella alta than in the baja (Figure 4.4).

Patellar flexion

30 I |
25+
20 a
'E'1 B 7
i)
S
o !
S 10
— Native model
51 —Patella alta model
Patella baja model
0y
-5! | | 1 | |
0 10 20 30 40 50 60 70 80 90

Femoral flexion [°]
Figure 4.4 - Patellar flexion. Increasing values indicates flexion.

The results show that f@ll the casesanalyzed, thgosterior patelldranslationincreases as
knee flexion increases (Figure 4.5).

Patellar Anterior-Posterior Translation

0 ‘ 1
—Native model
-2 ‘—Patella alta model =
| Patella baja model
-4
_6 e

Displacement [mm]
o

-20 ‘ | ‘ ‘ | | ‘ ‘
0 10 20 30 40 50 60 70 80 90

Femoral flexion [°]
Figure 4.5 - Patellar anteriag-posterior translation. Negative values represent post
translation.
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An increasing lateral translation with increasing flexion can also be seen for the-latedél

translation. The results shoavgreater lateral translation in the model with thegella alta
(Figure 4.6)

The RMS differences between the native model and patella alta kinematics are 2.96°, 2.53°,
2.63 mm and 0.8nm for patellar tilt, flexion, anterposterior translation and lateral shift,

respectivelyThe RMS between the native and patella baja are 3.22°, 3.32°, 0.20 mm and 0.84
mm, respectively.

1 !

Patellar Medial-Lateral Translation

—Native model
0" —Patella alta model

\ Patella baja model

Displacement [mm]

-7 | | | \
0 10 20 30 40 50 60 70 80 90
Femoral flexion [°]

Figure 4.6 - Patellar mediallateral translation (shift). Positive values represent me:
translation, negative values lateral translation.

4.1.3 Results of the contagtriables

The totalpatellofemorakontact area gradually increases with flexion (Figure 4.7). For
normal patella height, the contact area reaches a maximum at 90° of flexion. For the first
degrees of flexion, a higher patella position corresponds to a lower contacivheseasa
lower position is associated with a higher contact area. After 30° of flexion, the maximum
patellofemoralcontact area gradually increases with increasing patella height. This may be
explained by the higher forces observed in deep flefatiar 90°) for these higher positions.
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RMS differences during the flexion cycle averaged less than 170famnthe contact area
between the native model and the patella alta madel 55 mrhbetween the native model and

the patella baja model.

PF Contact Area
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Figure 4.7- Patellofemorakontact area for the different patellar positions.

The patellofemoralcontact force increases as the knee flexes (Figure 4.8), reaching its peak
when contact occurs between the quadriceps tendon and the femoral trochlea, resulting in load
sharing. However, in cases with a higher patella, this contact is delayed until a deeper flexion
angle is reached. During the early stages of flexion, lower patella positions are associated with
higher contact forces, while higher positions lead to redpagésllofemoralcontact forces in

this range of flexion. When the knee is flexed to less than 60°, a higher patella reduces the
contact force, and this reduction is directly proportional toheight of the patellaThis
biomechanical phenomenon is explair®y therole of the patellan the extensor mechanism

of the knee (Luyckx T. et al., 2008). The patella significantly contributes to knee extension
torque by increasing the lever arm of the quadriceps. It also transfers forces from the quadriceps
tendon ¢ the patellar tendon. As a resulgdn rotatdreely around its point of contact with the
femoral trochlea in the sagittal plane, actasg balance beam. Since the point of contact with

the femur is initially more distal on the patella during eddyibn, the effective moment arm
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of the quadriceps tendon becomes greater than that of the patellar tendon. Consequently, in the
early stages of flexion, less quadriceps force is needed to generate a given patellar tendon force.
The presence of a highertplia enhances this effect by causing a more distal coptaat,

creating a more efficient knee extensor mechanism. Therefore, the redugiaialiofemoral

contact force associated with a higher patella is attributed to the lower resfuénegth of the

quadriceps tendon.

The maximumpatellofemoralcontact forces for the lowest, normal, and highest patella
positions are 1614 N, 1657 N, and 1052 N, respdgtive
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Figure 4.8- Patellofemorakontact force for the different patellar positions.

‘— Native model

Figure 4.9 presents the average contact pretsumaghout thélexion. In the normal knee, the
maximumpatellofemorakontact pressure is reached at al®fut of flexion. During the entire
range offlexion, the contact pressureare lowest for the Igher positions, instead lower

positionsareassociated with higher contact pressures (Figure 4.9).
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The RMS between the native and patella adtadels, with respect toontact pressure, is 1.43
MPa. TheRMS between the native and baja patella is 0.22.M
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Figure 49 - Patellofemorakontact pressure for the different patellar positions.
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4.1.3.1Native knee

In the reference native knee model, Table 4.1 provides contact pressure data for various
flexion angles (0°, 30°, 60°, and 90°). As the knee flexes, both the contact areas and the point
of highest contact pressure between the shdthedemur shiftto the posterior side of the knee
joint. For all degrees of flexion, the tibial cartilage experiences higher loads in the lateral
compartment compared to the medial compartment. Maximum contact pressurewhicies,
exceedl4 MPa, are reached &O0° of flexion. Similar trends are observed in the femoral
compartment, with the highest pressures occurring at 90° of flekimncontacbetween the
cartilage of the femur and the patella is observed anteriorly. As the knee flexes, the patellar
contact point gradually moves proximally to an area where the cartilage is thickeraximal
contactinteractionis observedn the transition fom patellar support by the trochlea to the
femoral condyles. This transition corresponds to the shift from one central contact area to two
smaller separate areas as the patella moves from the femoral trochlea onto the two condyles at

the intercondylar nah, can be seen between 30° and 60°.

These observations illustratew thepatellofemoratontact pressure and contact areas change
with knee flexion and provide valuabigormation onthe biomechanics of the knee joint in

different flexion states.
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NATIVE MODEL

Table 44 - Contact pressure, measured in MRaalysedn femoral,tibial, and patellar cartilageduring
flexion for the native knee model. In each cell, the left side represents the regidia)whereasthe right

side representthe lateral regionOnthe upper left side, contact pressure results are indicated in a legend
with colorsfrom blue (0 MPa) toed (14.56 MPa).
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4.1.1.1Patella alta

Comparedto the native model, patella alta shifts the contact pressuwasslightly
towards the posterior direction, particularly noticeable in the lateral tibial compartment. As
previouslyobserved, thenaximum contact pesure is still reached 80° of flexion (Table
4.2). Furthermore, theontact pressure values are lowleain those othe native joint model.
Concerninghe contact between femoral cartilage and patellar cartilage, with patella alta, there
is a gradual dital shift in the contact point on the pataathepatellar height increases. This

means that in initidlexion, thepatella alta is associated with the most distal contact point.
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PATELLA ALTA

CPRESS 0 A

Table 45 - Contact pressure, measured in MRaalyzed irfemoraltibial, and patellar cartilageduring
flexion for the patella altanodel. In each cell, the left side represents the meetigbn, whereaghe right

side representthe lateral regionOnthe upper left side, contact pressure results are indicated in a legend
with colorsrangingfrom blue (0 MPa) to red (11.91 MPa).
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4.1.1.1Patella bga

A higher contact pressure is observed in the pabelja model than in the native
condition. Table 4.3 provides a comprehensive overwéwhe contact areas and contact
pressures in the femoral, tibial, and patellar compartnantaious flexion angles. The tibial
cartilage is less loaded in the medial compartment than the native and patetiadsdta In
femurpatella contact, the patellaaja is associated with the most proximal point of
patellofemorakontact in early flexion.
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PATELLA BAJA

CPRESS O“

30“
60“
go

Table 46 - Contact pressure, measured in MRaalyzed irfemoraltibial, and patellar cartilageduring

flexion for the patella baja model. In each cell, the left side represents the meggia, while the right

side representthe lateral regionOnthe uppeleft side, thecontact pressure results are indicated in a
legend withcolorsfrom blue (0 MPa) to red (21.15 MPa).
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4.2DISCUSSION

The agreement between the experimental results an&Ehaodel shows that the

analysis produces plausible kinematic and meichhnontact results.

It is important to note that comparing the results of this study with those of the existing literature
can be difficult. Although similar results can be observed, care must be taken when making
such comparisons. Discrepancies may ltesom variationsin constitutive models, material

properties, loading conditions, and boundary conditions examined.

The following sections provide a comparative analysisysingon patellofemoral(PF) and
tibio-femoral (TF) kinematics and contact variables, between the native model developed in
this study and results report@otheprevious literature. This comparison helps to shed light on
the consistency and reliability of the results of the current study a@upto established

research
4.2.1 Kinematics

Regardingtibio-femoral kinematics, the comparison results are shown in Figure 4.10
and Figure 4.11, femoral anteriposteriortranslation,and tibial axial rotation, respectively.
When comparinghe results obtaed from the literature with those of the present study, it can
be seen that the trend is the same, but the valuesvghiations gspeciallyin theaxialrotation
of the tibia.In any case, all results show an anterior translation of the femur throdbgxoarn

and an overall external rotation of the tibia.
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_Femora_l Anterior-Poste_rior Translation
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Figure 410 - Comparison of femoral anteriggosterior translation between the native model o
current study and the results obtainéwm the literature. Positive values represent antel
translation, negative value represent posterior translation.
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Figure 4.11- Comparison ofibial axial rotationbetween the native model of the current study ar
results obtainedrom theliterature. Negative values indicates internal rotation, positive external

rotation.
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Similarly to the results of the tibitemoral kinematics, theatellofemorakinematics predicted
by the native model corresponded well with the trends and magnftudesin the Iterature.

Comparisons are shown in Figure 4.12 and Figure wittBrespect tgatella tilt and medial

lateral translation, respectively.

The patellar tilt in this study corresponds well with the results of the study conducted by
Baldwin M. A. et al. (209). Regarding meditateral translation, although dlhe reported
results show lateral translation, the native pattern of this study seems to be very close in both

trend and magnitude to the results reported by Fitzpatrick C. K. et al. (2010).
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Figure 4.12- Comparison of patellar tilt between the native model of the current study and the

obtainedfrom the literature. negative values represent internal rotation (medial tilt), positive

represent external rotation (lateral tilt).
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Patellar MediaI-Lateral Trans!ation
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Figure 413 - Comparison ofpatellar mediallateral translation between the native model of
current study and the results obtaindéem the literature. Positive values represent mel
translation, negative values lateral translation.

4.2.2 Contact variabls

Regarding contact variables, few previous studies were found in the literature to

compare with the results obtained in this study.

Figures 4.14, 4.15 and 4.16 show the contact area, total force due to puesscireand
contact pressure, respectivaiar all three contact variables, the results of the native model in
this study are close to the trend in btiteworks by Luyckx T. et al. (2008) and Fitzpatrick C.
K. et al. (2010).

The differences between the data of the present study and those kk leyad. (2008) may
result fromthe fact thatthey consideed the quadriceps tendon and patella as steel cables.
Furthermoretheir investigations were initiallgarried outat a flexion angle greater th&80 °

and the PF ligaments were not considered.

In the present study, the lateral and medial portions of the ligamentous structures surrounding
the PF joint (LR and MPFL) were consideredsultingin a trend and magnitudeat were
consistentvith the Fitzpatrick C.K. et al. (2010)ktudy.
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Figure 414 - Comparison of totapatellofemoralcontact aresbetween the native model of the cur
study and the results obtainffdm theliterature.
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Figure 415 - Comparison opatellofemoratotal force due to contact pressuretween the nativeode
of the current study and the results obtaifren theliterature.
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Figure 416 - Comparison opatellofemoralcontactpressurebetween the native model of the cur
study and the results obtainffdm theliterature.
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