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Resumo

O ligamento cruzado anterior tem um papel fulcral na estabilizacao da articulacao do joelho.
Como consequéncia, este € um dos ligamentos mais importantes do corpo humano, uma vez que é
crucial para a execucado dos movimentos precisos e fluidos que os membros inferiores necessitam
de executar para a locomocao bipede.

As lesdes neste ligamento tém consequéncias catastroficas e podem resultar em deficiéncias
graves e causar ainda mais lesdes devido a instabilidade que geram na articulacao. Os atletas sao
especialmente vulneraveis devido ao elevado nivel de atividade fisica nas suas vidas. As lesoes
neste ligamento exigem longos periodos de recuperacao e, em alguns casos, podem resultar num
fim prematuro da carreira desportiva. O ligamento cruzado anterior é das estruturas do corpo
humano com maior propensao a lesoes, sendo que a maioria destas lesoes ocorre sem a necessidade
de contacto fisico, estas acontecem devido a um movimento que a pessoa efetua e que impoe
tensdes extremas no ligamento.

Para prevenir este tipo de lesdo é primeiro necessario compreender exatamente como
acontecem, apenas assim podem ser identificados e evitados os fatores de risco. Estas lesoes
ocorrem normalmente em atletas que participam em desportos que envolvem movimentos de
saltos, rotacdes, trocas de direcdo e aceleracoes e desaceleracdes subitas. Contudo, até agora, o
mecanismo por tras da lesdao deste ligamento ainda nao é totalmente compreendido.

Devido as dificuldades associadas a medicao direta de deformacées no LCA quando uma pessoa
esta em movimento, a analise por elementos finitos tem sido usada para simular estes movimentos
em modelos computacionais e estudar o ligamento e lesdes associadas. Assim sendo, este trabalho
tem como objetivo o estudo da rutura do ligamento cruzado anterior. Para tal, um modelo de
elementos finitos estavel foi desenvolvido de modo a incluir uma “user material subroutine” que
atribuiu o modelo material de Holzapfel-Gasser-Ogden ao LCA, assim como, um parametro de
dano, criado para tecidos moles biologicos e fibrosos, permitindo estimar a localizacao e extensao
do dano nas fibras de colagénio. Com isto, varios movimentos associados a lesdo do LCA foram
testados e os resultados obtidos foram satisfatorios, uma vez que, encontram-se de acordo com o

expectavel.
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Abstract

The anterior cruciate ligament (ACL) performs a vital role in the stabilization of the knee joint.
This makes it one of the most important ligaments in the human body, since it is crucial for the
execution of the precise and fluid motions that the lower limbs are required to perform for bipedal
locomotion.

Injuries to this ligament have catastrophic consequences and can result in serious disability
and further injuries caused by the instability that is derived from it. Athletes are especially
vulnerable due to the high level of physical activity in their lives. Injuries to the ACL can require
large periods of recovery time and, in some cases, may result in a premature end of an athletic
career. The ACL is one of the most commonly injured structures in the human body. Most of these
injuries require no physical contact, they occur due to a movement that a person performs which
imposes extreme strains on this ligament.

In order to prevent this type of injury it is necessary to first understand exactly how it happens,
only then can the risk factors be identified and prevented. It is known to usually occur in athletes
who participate in sports that involve pivoting, cutting, jumping movements or sudden
accelerations and decelerations. However, to this day, the mechanism behind the ACL injury
remains to be fully understood.

Due to the difficulties of directly measuring the strains on the ACL when a person is moving,
finite element analysis have been employed to simulate these movements on computational
models and study the ligament and the injuries associated with it. As such, this work sets out to
study the ACL rupture. For this purpose, a stable finite element model was developed which
included a user material subroutine that attributed the Holzapfel-Gasser-Ogden material model to
the ACL and also had the inclusion of a damage parameter, designed for fibrous biological soft
tissues, which allowed to estimate the location and extent of the damage to the collagen fibres.
With it, several movements associated with the ACL injury were tested and the obtained results

were satisfying since they were in accordance with what was expected.
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Chapter 1 - Introduction

1.1 - Framework

The knee is one of the largest and most complex joints of the human body. It is essential for
providing the necessary mobility for bipedal locomotion, being capable of supporting the loads
imposed by the weight of the body while carrying out precise and fluid movements with great
stability [1]. This can only be achieved due to the complex geometry of the knee joint and its
several anatomical structures which include cartilages, menisci and ligaments. However, this
delicate system can be compromised by injuries, which alter the load distribution along the joint
which causes pain and can result in additional injuries to other structures or even in long term
disability [2, 3].

Injuries to the ligaments of the knee are quite common, especially in active people who engage
in sports activities. One of the most important ligaments in the knee is the anterior cruciate
ligament (ACL), which plays a crucial role in the stabilization of the joint. However, it is also one
of the most commonly injured ligaments in the human body and its injury can have devastating
consequences [4]. ACL injuries are expensive to treat because the ligament has a limited ability
for self-repair and when it suffers an injury, it is often incapable of recovering on its own and
restoring normal knee kinematics, which is why these injuries usually require reconstructive
surgery or, in case of a full tear, complete surgical replacement [5].

In the United States alone, there are around 150 000 ACL injuries each year, which represent
an economic impact of over 500 million dollars [6]. In Norway, the annual incidence of ACL
reconstructions from 2004 to 2006 was 85 for every 100 000 citizens between 16 to 39 years old,
while in the United Kingdom, ACL injuries have been reported to affect 8.1 in every 100 000
citizens from ages 13 to 89 years old. In fact, it is estimated that 1 million ACL injuries occur every
year around the world [7].

Besides the damage to the ligament itself, the instability created by the ACL injury often leads
to the appearance of injuries in other knee structures, mainly the menisci and the articular

cartilages, as well as, increasing the susceptibility to osteoarthritis [8].



1.2 - Motivation

Over 70% of all ACL injuries occur without any physical contact between the athletes [6]. This
means that the most common source of injury is the movements that the athletes perform in their
physical activities. Therefore, if it is possible to fully determine the mechanism behind this injury
then it would be possible to assess the risk factors that cause it. With this knowledge, it would
then be possible to develop workout programs that could help the athletes minimize the
probability of sustaining an ACL injury [8].

The ACL injury occurs when an excessive tension is applied to the ligament. Recent research
suggests that it is an injury which appears to be caused by a complex interaction of forces and
moments [9]. So, in order to fully comprehend the cause of this injury, it is essential to completely
understand the mechanism behind the loading of the ACL when a person is active during physical
activity [8]. However, measuring the loads that are applied to the ACL when an athlete is in motion
is an extremely difficult task since direct access to the ligament is impossible without invasive
procedures.

The use of computational mechanics allows for the study of the stresses and displacements
within the human body without requiring human subjects and with high accuracy [6]. This is the
reason why numerical analyses, namely using the Finite Element Method (FEM), have been widely
used in the study of the knee and ACL biomechanics. With these analyses, the mechanism of the
noncontact ACL injury has become clearer over time, however, further research is still needed to

understand the relevance of the several components that are involved in this condition.

1.3 - Objectives

The objective of this work is to propose a working and accurate finite element model of the
ACL, capable of estimating the damage it experiences in injury related movements. For this
purpose, a damage parameter will be introduced, using a user material subroutine (UMAT). This
model will be subjected to several movements and rotations in order to simulate the joint
environment in the movements where ACL injury is most common. The movements that will be
tested are the anterior translation of the tibia, knee valgus, knee flexion and tibial internal
rotation. Afterwards, several combinations of these movements will be tested. In these
simulations, the numerical damage to the fibres and extracellular matrix will be evaluated
regarding its onset and extent.

The results are expected to reproduce the behaviour of the ACL in these situations and the
damage it sustains. The damage resulting from these movements will be assessed, in regards to its
onset and location.

Besides this, the results are expected to support the idea that the ACL injury is the result of a

combination of movements, and that some movements generate tensions of higher magnitude on



the ligament, resulting in complete rupture of the fibres and extracellular matrix, while others

have a smaller contribution to the overall load.

1.4 - State of the art

The FEM has been used in biomechanics for quite some time and since the knee is one of the
most important joints of the human body, it is only natural that such a widely used method would
be applied to its study. In fact, the earliest 3D geometric model of the knee using the FEM was
created in 1980 (Wismans, et al. [10]). The predictions the model offered were in accordance with
the experimental data available from the literature, which proved that the application of the FEM
to the study of knee biomechanics was a promising approach. Since then, several studies have
been performed using this method and several other 3D models of the knee have been developed.

Recently, the FEM has been applied to the study of knee prosthesis [11-13], the functions of
some of the anatomical structures that are part of the knee (such as the menisci [14] or the MCL
[15]) or even the injuries that afflict this joint, whether by developing models that may help to
understand the mechanisms behind these injuries [3], or how an injury to one structure of the
knee impacts the remaining structures and the normal functioning of the joint [16].

Since one of the most common and serious conditions that affect the knee are injuries to the
ACL, this is a ligament which has been the subject of many studies throughout the years. Finite
element models have been used to study the effect of injuries to this ligament on the joint
mechanics of the knee [2, 17, 18], to evaluate the effectiveness of new possible treatments to this
injury, as in the case of Wang H., et al. [19] where the stresses and strains on the ACL were studied
in a finite element model which included a ring device which was recently developed to assist in
the healing of this ligament. It has also been used to assist in the medical procedures that are
employed after an ACL tear, Westermann R.W., et al. [20] studied the influence of the size of the
graft, used in ACL reconstruction surgeries, on the knee biomechanics and found that grafts of
bigger dimensions lead to better biomechanical properties in the recovering knee. While Halonen
K.S., et al. [21], provided some insight on the optimal graft stiffness and pre-strain that should be
considered in these surgeries. Much like the aim of this work, finite element models have also
been used in the study of the mechanism injury on this ligament [3, 22, 23].

However, due to the complexity of the knee joint, many of the studies using the FEM use
simplified models which focus only on the ligament itself [24, 25] or on the tibiofemoral joint with
only the femur, tibia and the ACL [22, 26, 27]. Even in studies where the laborious task of modelling
all of the main structures of the knee is undertaken and the models that are used are anatomically
complex and similar to the real joint, there are still some challenges which stand in the way of
finite element analysis of the ACL:

o The nonlinear anisotropic behaviour of the ligaments is something which cannot yet be
completely characterized by any material model [28]. This makes the ligaments of the knee,
one of the most difficult structures to simulate, even though they are, due to their vital

function in this joint, one of the most important. It is impossible to obtain experimental data



with the level of detail required to calculate the several property values that would be
required to precisely recreate ligaments in a simulation [29].

o Achieving a trustworthy validation of a model created using the FEM is a necessary step which
is still difficult to achieve. A model is considered to be validated when evidence is provided
that the results it generated match the outcomes of a real-world scenario, even if the material
properties it uses are not explicitly validated. However, sometimes the outcomes of these
real-world scenarios stem from experimental data which has its limitations, especially in the
case of in vivo subjects, where direct measurement of contact forces in the joint is impossible
[29, 30]. This results in a simulation which is created based on the existing literature, but not
directly validated.

« Several experimental studies show that the ACL is never in a stress-free state at any degree of
knee flexion. However, many finite element models do not take this into account and assume
that a stress-free state exists at full knee extension or close to it and as such, fail to accurately

replicate the tissue mechanics [25].

Besides this, it should be mentioned that the material properties that are attributed to a finite
element analyses are rather important in order to ensure that the results obtained from it, are
trustworthy and can be validated. However, since ligaments have material properties that vary
from person to person, both Beidokhti H.N., et al. [31] and Mootanah, R., et al. [32] have found
that including subject-specific ligament properties improved the capacity of predicting
experimental kinematics and contact pressures. Nonetheless, if the conclusions derived from a
model are within an extent that could be sensibly determined using a more generic approach, it is
fair to state that a model is validated based on literature comparisons [29].

The FEM has also been used numerous times to characterize soft tissue damage. These damage
models date back to the 1970s, however, they still have many limitations since they are based on
in vitro measurements and due to the heterogenous and anisotropic behaviour typically associated
with these types of materials. Despite their limitations, they are a helpful tool in the understanding
of the way these soft tissues are damaged in cases of injuries and even in the fabrication and
design of artificial soft tissues [33]. Most of these models have been applied to the study of arteries
[34-36], nevertheless, some damage models have been used in the study of ligaments, for example,
in the work of Forestiero A. et al., 2014 [37] where the damage of ankle ligaments was studied in
the case of an injury. In earlier works there are examples of these models being applied to the
knee joint, for example, in the works of De Vita R. et al., 2007 [38] and Guo Z. et al., 2009 [39],

where damage models were applied to the study of the medial collateral ligament of the knee.



Chapter 2 - Anatomical Planes and

Directions

The focus of this work is on a specific joint of the human body, the knee, and more specifically,
one of its ligaments. However, before diving into any details on the knee and any of its structures,
it is important to understand the different anatomical directions that come into play when
describing the anatomy of the human body.

When talking about the human body, its “conventional anatomical position”, from which all
anatomical descriptions stem from, is the standing position while facing forward with the arms by
the side and palms facing forward as well [40].

From this position, anatomical descriptions are made based on three different planes, which
are shown in Figure 2.1. Sagittal planes, which are vertical and divide the body into a left and a
right side, the sagittal plane that is exactly in the midline of the body is called the median plane.
The frontal or coronal planes, which divide the body in anterior (front) and posterior (back)
sections. Lastly, the transverse or horizontal planes which divide the body in superior and inferior
sections [40, 41].



|
“ Sagittal
‘ plane

Transverse,

‘ - ‘ } or horizontal,
— i —tl plane

Frontal, or
coronal, plane

Figure 2.1 - Anatomical planes of the human body [42].

Besides the different anatomical planes that divide the body it is important to understand the
directional references that are commonly used. As was previously stated, anterior and posterior
refer to the front and back respectively. When considering the midline of the body, lateral refers
to the position further away from midline whereas medial refers to the position closest to the
midline. Finally, proximal and distal are used to describe structures in the limbs, referring to the

point which is closest and furthest, respectively, to the attachment of the limb to the torso [42].



Chapter 3 - Joints

The site where two bones meet is called a joint. These are the weakest parts of the skeleton,
nevertheless, they are also responsible for the mobility and stability of the human body.
Structurally, there are three different types of joints: fibrous, cartilaginous and synovial [42].

In fibrous joints, the bones are united by fibrous connective tissue, there is no joint cavity,
and most of these joints perform little to no movement. An example of this type of joints is the
joints in the skull, which are a particular type of fibrous joint called sutures, so called due to their
structure [40, 42]. The figure below shows the three different suture joints in the skull, the

coronal, sagittal and lambdoid suture.
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Figure 3.1 - Superior view of the skull which shows the three fibrous joints (sutures) which link its
bones [41].

Cartilaginous joints can either have hyaline cartilage (which are called synchondroses) or
fibrocartilage (symphyses) between the bones they unite. As in the fibrous joints, this type of joint
lacks a joint cavity and the movements it allows for are somewhat limited. An example of
cartilaginous joints are the joints in the intervertebral discs, which are made up of fibrocartilage

which, due to its strength and compressibility, is ideal as a shock absorber [41, 42].



The third type of joints, the synovial joints, are much more mobile than the other types and
are the most common type, especially in the limbs. In these joints, the bones that are articulated,
are separated by a joint cavity which is filled with synovial fluid [41]. The articulating surfaces of
the bones linked by the joint are covered with a layer of hyaline cartilage (articular cartilage)
which smoothens the contact point between the bones and absorbs compression forces. Besides
the articular cartilages, these joints are also reinforced with ligaments which are especially
important to strengthen them. Some synovial joints may also possess discs of fibrocartilage
separating the articular cartilages called articular disks. In some cases, these articular disks are
incomplete and form crescent-shaped wedges with a hole in the centre and are called menisci [42,
43]. The general structure of a synovial joint is illustrated in the figure below, where it is possible

to see the different components that are present in this type of joint.
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Figure 3.2 - General structure of a synovial joint.



3.1 - Knee Joint

The knee is one of the most important joints of the human body since it is responsible for
mobilizing and stabilizing the lower limbs of the human body. It is the largest synovial joint and
one which exhibits a high degree of complexity that gives it the capacity to endure impressive
loads and perform the precise movements that are required for bipedal locomotion [1].

Even though the knee is made up of a single joint cavity it is, in fact, a combination of three
different joints: an intermediate one between the patella and the femur, called the
femoropatellar joint, and the lateral and medial joints, which are usually grouped together and
given the designation of tibiofemoral joint. These last two joints stand at the two points of contact
between each of the femoral condyles and the menisci that are located at the top of the tibia [1].

The tibiofemoral joint, with its lateral and medial components, is responsible for the flexion
and extension of the knee. When this flexion occurs, the femoropatellar joint allows for the patella
to slide along the distal end of the femur [43]. In an intact knee (Figure 3.3 a) these joints are
covered by the patella and the quadriceps tendon. With the removal of the patella from the
femoropatellar joint (Figure 3.3 b) the visualization of the inner structures of the knee becomes

possible and the tibiofemoral joint is then visible.
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3.1.1 - Anatomy

The main anatomical structures responsible for providing the joint stability and functionality
that the knee requires are bones, menisci, ligaments and cartilages. In the following section, these
anatomical structures will be presented and their anatomy will be briefly discussed, since having
a basic notion of these concepts is crucial in order to fully understand the behaviour of this joint

in the movements it performs.

3.1.1.1 - Bones

As was previously mentioned, the knee joint establishes the articulation of the femur with the
tibia and the patella. The femur is the longest bone of the human body, in its proximal region it
presents a rounded head, while at the distal extremity, where it engages with the knee joint, it
forms two condyles, which are separated by the intercondylar notch, and that interact with the
tibia in the tibiofemoral joint [1]. In Figure 3.4 it is possible to see the two femoral condyles and
their connection with the two correspondent condyles of the tibia, which is in turn the second
longest bone of the human body.

The tibia is parallel and articulates with a bone called fibula forming the tibiofibular joint.
Even though this joint is represented in Figure 3.4, it does not allow for any movement, neither is
it considered to be part of the knee joint. It merely has a support function and acts to stabilize
and strengthen the leg [43].

o | Popliteal surface
Intercondylar notch

Patella Medial - Lateral epicondyle

epicondyle

Lateral epicondyle
___ Lateral femoral condyle
=¥ Medial femoral -
0 condyle

Lateral femoral condyle

Intercondylar

Lateral tibial condyle eminence
Medial

tibial condyle

Tibial plateau —— Tibiofibular joint

Head of fibul
Head of fibula — lead of fibula

Neck of fibula

Figure 3.4 - Anterior (left) and posterior (right) view of the bones of the knee joint [44].
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Besides the femur and the tibia, the patella constitutes the third bone involved in the knee
joint. It is much smaller than the other two and it is a flat bone which is embedded in the tendon
of the quadriceps muscle [41]. Despite its small size, it has two rather important functions: it acts
as a protective surface to the knee joint and plays a vital role in the extensor mechanism of the

knee, as it is responsible for increasing the extensile strength by up to 50% [45].

3.1.1.2 - Menisci

The menisci are two fibrocartilaginous structures that are located on tibiofemoral joint and
that increase the articular surface of the tibia in the articulation with the femoral condyles. The
medial meniscus is shaped like a C letter and while it is broader than the lateral meniscus, it is a
bit thinner. The lateral meniscus has a more circular shape and does not open as widely to the
intercondylar eminence as the medial meniscus [45]. The anatomy of both menisci is represented
in Figure 3.5.

Anterior cruciate lig. Patellar lig.

Medial

A&

Medial
collateral lig.

Transverse lig.
of knee

Tibio-
fibular
joint

Lateral
collateral lig.

Posterior Posterior menisco- Lateral Head of
cruciate lig. femoral lig. meniscus fibula

Figure 3.5 - Menisci in the knee joint [44].

Owing to their complex anatomy, the menisci are capable of performing several functions, the
most evident one is the cushioning from the loads that are exerted on the knee joint and being
responsible for increasing the contact area between the femur and the tibia [46]. This is visible in
Figure 3.6, where in the absence of these structures the compressive loads are less distributed
increasing the stress on the articular cartilage, which explains the prevalence of osteoarthritis
following meniscectomy [1]. Besides this, the menisci also play a role in guiding rotation and
stabilizing translation movements [46].

These are dynamic structures capable moving along with the femur and the tibia in order to
keep up with the movements that the knee joint performs, without compromising its balance. This

way, the menisci are capable of optimizing their function as load bearing units [47, 48].
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Figure 3.6 - Influence of the menisci in increasing the contact area and distributing the compressive

forces.

3.1.1.3 - Ligaments

Ligaments are bands of fibrous connective tissue which establish connections between bones
and reinforce joints, facilitating the movements that are required for the normal motion of the
human body, while at the same time, restricting undesirable motions in other directions [43].

Despite the presence of several ligaments in the knee, the most important ones are the two
cruciate ligaments (anterior and posterior), named this way because they cross each other, and
the medial and lateral collateral ligaments [4]. These structures are represented in the figure
below, where the two cruciate ligaments are seen between the femur and the tibia, and where,

on both sides of the knee joint, the two collateral ligaments are visible.
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Figure 3.7 - a) Anterior view of the knee joint and its ligaments [44]; b) Photograph of anterior view of
the knee [41].
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Ligaments are made up of tightly packed bundles of oriented collagen fibres whose function is
to provide support to the multiple joints that make up the musculoskeletal system. The main
component of the ligaments is type | collagen, which is around 70-80% of their dry weight, the rest
is almost exclusively type Il and V collagen although, other collagen types have also been found
to be incorporated in these structures [4].

The ACL is a ligament of paramount importance in stabilizing the knee joint since it prevents
anterior tibial translation in relation to the femur and has a significant role in resisting rotational
loads. Due to its limited capacity of repairing itself and the fact that it is rather frequently torn
during sport related movements, it was chosen to be the focus of this work. Its anatomy and
biomechanics will be further discussed in Chapter 4 [5, 49].

As was previously mentioned there are two cruciate ligaments, one is the ACL and the other is
the posterior cruciate ligament (PCL). The PCL is in turn responsible for preventing posterior
translation of the tibia in relation to the femur while also acting to stabilize the knee in rotational
loads [50]. Its origin is in the medial surface of the intercondylar notch of the femur and projects
itself to a depression in the intercondylar eminence of the tibia. It is made up of two bundles, the
larger anterolateral bundle, which is tight in flexion, and the smaller posteromedial unit, which in
turn is tight in extension. As a whole, the PCL has a greater cross-sectional area than the ACL and
is therefore stronger [45]. Another distinction from the ACL is the fact that unlike its counterpart,
the blood supply to the PCL is not permanently lost in case of substantial tear, which gives it an
enhanced ability of self-repair, making injuries that affect this ligament less problematic [46].

Besides the cruciate ligaments, there are two main ligaments that act as stabilizers to the
joint: the medial collateral ligament (MCL) and the lateral collateral ligament (LCL), which are
tight when the knee is in extension and act to stabilize the medial and lateral sides of the knee,
respectively. The MCL has its origin in the lateral femoral epicondyle and attaches to the head of
the fibula, while the LCL originates in the medial epicondyle of the femur and attaches to medial
surface of the tibia [41]. Both are crucial to limit the internal and external rotations of the knee
[46]. The figure below is a representation of both sides of the knee where the two collateral

ligaments are visible.
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Figure 3.8 - Medial and lateral views of the knee with emphasis on the collateral ligaments [44].

3.1.1.4 - Articular Cartilages

Besides the fibrocartilaginous menisci, there are articular cartilages that cover the femoral
and the tibial condyles, providing a surface with minimal attrition, which allows for joint
movement. They also perform an important part when it comes to load absorption, which is crucial
for preventing the bones from damaging each other due to the powerful loads that the knee is
subjected to, from the body and the dynamic movements it performs [51].

There are three articular cartilages in the knee joint, one covering the femoral extremity,
another on the tibial extremity and one on the patella [51], as can be seen in the figure below,

where the cartilages are represented in white.
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Figure 3.9 - Articular cartilages of the knee [52].

3.1.2 - Biomechanics

Biomechanics is defined as the science that studies the forces and movements in biological
systems [53]. In order to successfully study the interactions of the several components of the knee
joint, during the movements it performs, one must first comprehend them.

When oversimplifying the matter, the knee may be described as a complex hinge joint which
allows for flexion and extension, along with some rotational motions. In fact it has six degrees of
motion, which may be classified as three rotations (flexion-extension, external-internal rotation,
varus-valgus angulation) and three translations (anterior-posterior glide, medial-lateral shift,

compression-distraction) [54, 55], as can be seen in the figure below.
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axial 5
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Figure 3.10 - The six degrees of motion of the knee [54].

Another way of visualizing the knee motion with its six degrees of freedom, is to relate the
movement, in this case the translations and rotations, to three axis in the knee: the tibial axis

(proximal-distal translation and internal-external rotation), the epicondylar axis (medial-lateral
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translation and flexion extension) and the anteroposterior axis (antero-posterior translation and

varus-valgus rotation) (Figure 3.11) [53].

Medial-Lateral
.i'mnanricor-Post:—zrio;/‘1 Femur
Varus-Valgus ¢ ‘

] _sInternal-Extemal

Figure 3.11 - Six degrees of motion of the knee in relation to the tibial, epicondylar and
anteroposterior axis [53].

The movements of the knee are often considered to start at 0°, which is defined as the neutral
position, the position where the tibia is aligned with the femur. This is the position of full
extension, which defines one of the most important functions of the knee, the ability to support
the body while standing still. Here, the knee is fixed, and the thigh and leg muscles can relax
without compromising stability. If this alignment of the tibia and femur in the sagittal plane was
not possible, and the knee was slightly flexed when standing still, the body would tend to tilt
posteriorly, which would only be prevented by contracting the quadriceps muscle at the continuous
expense of energy [1].

The main movement of the knee joint is extension/flexion and involves the tibiofemoral joint.
It usually occurs between 0° and 130°, although in some cases it may surpass 130°, depending on
the mass of the posterior thigh and calf muscles which limit this movement [1]. During the flexion
movement there is also a combination of movements occurring between the femoral condyles and
the tibia, including sliding, rolling and rotation. Knee flexion is initiated by the popliteus muscle
which rotates the femur in respect to the tibia and disrupts the position of full extension. In the
beginning of the flexion (near complete extension, 0°-20°) rolling of the tibiofemoral joint is

predominant, while after a flexion angle of 30°, sliding becomes dominant (Figure 3.12) [1, 56].
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Anterior cruciate
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Figure 3.12 - Sliding and rolling motions in the flexion movement of the knee joint. Left- Full
extension, the centre of the femur (F1) aligns with the centre of the tibia (T1). Middle - Rolling at
the beginning of the flexion (contact shifts from F1-T1 to F2-T2). Right- Deep flexion, the ACL

prevents further rolling so the femur slides on the tibia (F3 moves to T2) [1].

Due to an asymmetry between the medial and lateral femoral condyles, the rolling motion on
the lateral condyle is more accentuated than in the medial condyle which leads to external
rotation of the tibia during the extension movement. This rotation leads to a tightening of the ACL
and eventually “locks” the knee in the fully extended position. Gliding predominantly occurs in
the medial condyle and, therefore, during the flexion of the knee the tibia internally rotates [57,
58].

As was mentioned before, the cruciate ligaments play a vital part in the stabilization of the
knee. During knee flexion the ACL becomes more relaxed, and the PCL tightens, while in knee
extension the opposite occurs. These slackening and tensioning sequences are associated with
changes in ligament orientation with the ACL changing from a vertical to a more horizontal
orientation with knee flexion, while the opposite occurs with the PCL [45]. Since the ligaments
compensate for tensile stresses that act in line with the axis of their collagen fibres, this change
in orientation provides the required dynamic stability to the sagittal plane of the knee. In fact,
damage to these ligaments was found to be accompanied by increased physiological stress to other
joints in the body due to the resulting imbalances in the sagittal axis of rotation [57].

Medial and lateral stability of the knee joint is mainly attributed to the collateral ligaments,
without which the cruciate ligaments would be unable to withstand the varus/valgus stresses
during the motions of the joint [45]. The MCL is the primary restraint to valgus rotation, while also
aiding in limiting external rotation and straight medial and lateral translation of the tibia. The LCL
is the primary restraint to varus rotations and acts as a secondary restraint to external rotation

and posterior translation [50].
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Chapter 4 - Anterior Cruciate Ligament

As was previously mentioned, the ACL is an anatomical structure of the utmost importance in
the knee joint. Its anatomy and biomechanical significance has already been discussed in 3.1.1.3,
along with that of several other anatomical structures of this joint. However, since the aim of this
work is to study sport related injuries that affect this specific ligament, in this section, its anatomy

and biomechanics will be further explored in greater detail.

4.1 - Anatomy

The ACL originates on the posterior medial area of the lateral femoral condyle, it then runs
anteriorly, medially and distally from the femur to the tibia, while spiralling laterally on itself.
The tibial attachment is wider and stronger than the femoral one [5].

The ACL function cannot be reduced to a simple tube of fibres at constant tension, it rather
consists of groups of fibres that are subjected to lengthening and slackening episodes. With this in
mind, there is often a need to divide the ACL into two functional subdivisions: the anteromedial
(AM) and the posterolateral (PL) bundles (Figure 4.1) [57]. These two bundles wrap around each
other, with the AM bundle being longer than the PL. Functionally, these two bundles act differently
with the movement of the knee. At knee extension, both are parallel and relatively tense,
nevertheless, as the knee increases its flexion, the AM bundle stays relatively taut while the PL
bundle becomes relaxed [5]. Either way, the ACL is a ligament that is always under some tension,

at least in one of its portions [25].
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Figure 4.1 - AM and PL bundles of the ACL (left) [59]; ACL with its two bundles identified with different
colours (right) [60].

At full extension, which is how femoral origins are normally described through an anatomical
point of view, the femoral attachment of the AM bundle is at the proximal portion of the ACL,
while the attachment of the PL bundle stands posterior and distal to it (Figure 4.2 A). However,
at knee flexion, the PL attachment becomes more anterior to the AM attachment (Figure 4.2 B)
[61].

Figure 4.2 - AM bundle (light grey) and PL bundle (dark grey) at knee extension (A) and knee flexion (B) [61].
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Other bundles besides the AM and PL have been proposed for the anatomy of the ACL, however,
these supposed anatomical structures are unlikely to be functionally discrete. In spite of this, from
a macroscopic anatomical position, there is a large consensus that there are only the two bundles
that are described in this paper [5, 60]. Nevertheless, all of this debate over the anatomy of a
single ligament confirms that the ACL is evidently a geometrically complex structure and unlike
any other ligament in the human body [5]. This is why graft tissues used to replace this ligament,
in cases of injuries with extensive damage, can never successfully emulate the native function of
the ACL [59].

4.2 - Biomechanics

The main function of the ACL is to prevent anterior translation of the tibia in relation to the
femur, in fact, it is responsible for 87% of this effect at 30" of flexion and for 85% at 90° of flexion
[7]. In fact, ACL-deficient knee have been shown to exhibit an anterior translation, of this type,
four times greater than normal healthy knees [49]. This is due to the fact that the ACL is mostly
oriented in the sagittal plane, consequently, anterior translation of the tibia leads to a greater
separation of the attachments, which puts tension on the fibres and as a result, hinders the
movement [5]. Besides this, the ACL also acts as an important secondary restraint to internal
rotation, mainly near full extension. It also restrains varus/valgus stresses of the tibia, especially
in cases of injury in the collateral ligaments [7, 49, 59].

When analysing the ACL into greater detail, it noticeable that its two bundles act differently
during knee flexion. The AM bundle is taut at 90°of flexion while the PL bundle only reaches its
maximum tightness near full knee extension [62]. The combined efforts of these two bundles give
the ACL an ultimate tensile strength which is described in the literature to be within the 600 to
2300 N range [63].

4.3 - Sports-Related Injuries in the ACL

After understanding the biomechanical functions of the ACL and its importance in the
movement of the knee joint, it becomes clear that the integrity and proper functioning of this
ligament is incredibly important not only in day to day activities but also, and especially, for
athletes. Sports that involve pivoting, cutting, jumping movements or sudden accelerations and
decelerations put a lot of strain in this ligament, which is why ACL ruptures are one of the most
common injuries sustained by athletes competing at the highest level [7].

When the injury occurs, a popping noise is usually heard, which is accompanied by discomfort
and/or pain and within 4 hours, the knee normally swells up. There are several tests in order to

determine the severity of the damage, however, the Lachman test and the pivot-shift test are two
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of the most common, practical and sensitive methods. In the Lachman test (Figure 4.3), with the
knee at 20° to 30° of flexion, the examiner performs an anterior force on the tibia while holding
the femur, and anterior laxity is evaluated based on the degree of anterior translation in the tibia
[64].

. N

-

—
3
\ / s
\ -
\

Ay

Figure 4.3 - A positive Lachman test [7].

The pivot shift test is performed on a fully extended knee and both a valgus stress and an axial
load are applied, while the tibia is internally rotated, and the knee is flexed. In case of a torn

ACL, the tibia will subluxate anteriorly and rotate internally (as shown in Figure 4.4) [7, 64].

Figure 4.4 - The motions performed during a pivot-shift exam [7].

The ACL injury is classified as being either a partial or a complete tear of the ligament. A
complete tear is usually characterized by an increased tibial translation of 5 mm or more when a
Lachman test is performed and a positive pivot-shift test. When a Lachman test detects increased
tibial translation, but it is smaller than 5 mm and coupled with a positive pivot-shift test, the
patient is diagnosed with a partial tear where the ACL was able to retain some of its function [7].

After an ACL tear, the range of motion of the movement of flexion and extension of the knee
is reduced. This reduction is attributed to the fact that the patient instinctively starts to reduce
the activity of the quadriceps muscle at full extension, reducing the anterior force on the tibia
which would be countered by the healthy ACL [65]. Besides this, damage to the ACL leads to severe
instability in the knee, in fact, a complete ACL tear has been reported to cause long-term problems

in the knee, including the early development of osteoarthritis [7, 8, 65]. Surgical reconstruction
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of the ligament is not a perfect solution but without it the knee is far more unstable and prone to
injury, the probability of damage to other structures of the joint such as the menisci and cartilages
is increased and performance at a high level of sports activities worsens dramatically [64].

Video analysis, computer simulations, cadaveric studies and epidemiologic data have been
essential tools in understanding what causes this type of injury, and despite all of this and the
significant breakthroughs that this subject has seen in the last years, the mechanism behind ACL
injuries remains somewhat unclear [66]. This is a consequence of the fact that realistic kinematic
and kinetic data are incredibly difficult to obtain. Having healthy athletes perform movements
and then measuring the strain on the ACL provides non-injury data, which fails to register the load
magnitudes and the strain rates on the ligaments that compromise their integrity. Cadaveric
studies cannot fully recreate the high loading rates and the intricate muscle activity involved in
the stabilization of the knee joint [5, 67].

Most of the injuries to this ligament stem from the movements performed by the athletes
without any type of collision or violent contact with, for example, an opponent. In fact, non-
contact injuries account for around 70% of all injuries to the ACL [6]. Non-contact injuries occur
when a person performs movements which produce forces or moments that apply excessive tension
to the ACL.

ACL strain is often associated with anterior tibial translation, which is a consequence of the
anterior shear force at the proximal end of the tibia, that the quadriceps muscle creates when
creating knee moments [68]. In fact, a strong quadriceps contraction has already been linked to
non-contact injuries to the ACL by DeMorat et. al [69]. Yet, more recent studies suggest that non-
contact ACL injuries are caused by an intricate play of different forces and moments, and while
an anterior shear force on the proximal end of the tibia is still considered one of the main causes
of strain to the ACL, when it is combined with valgus moments of the knee, the resulting strain to
this ligament is significantly larger [6, 8]. In fact, valgus alighment has been shown to greatly
decrease the maximum axial force needed for injury to occur, supporting the theory that neutral
limb alignment is important to prevent ACL injuries in movements such as the landing portion of a
jump [70].

Besides valgus moments, varus and internal rotation moments have also been linked to higher
ACL strain. However, it is important to stress that these moments can only significantly increase
the load on the ACL when accompanied by strong anterior shear forces. In fact, even the valgus
moment alone is incapable of rupturing the ACL unless the MCL is completely ruptured, since this
ligament is the primary resistance to this moment [68].

The majority of the injuries to the ACL occur at full extension or at early flexion, this is due
to the fact that in this range of motion, the contraction of the quadriceps muscle has been found
to elicit higher strains on this ligament [66, 68]. Strong contractions of the quadriceps at or near
full extension occur in movements of sudden deceleration, explaining why these are some of the
most common moments of ACL injury [66].

The mechanism behind these injuries is so complex that in movements such as the landing

portion of a jump, factors such as the initial ground contact with flat or near flat feet and increased
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hip flexion have been shown to increase the likelihood of ACL injury. This is due to the fact that
there is a decrease in the dampening capabilities of the leg to minimize the forces that reach the
knee joint during intense physical activity [9].

The aim of this work is to study the damage on the ACL when the knee is performing some
common movements that cause the injuries to the ligament. With this, the author hopes to shed
some light on the mechanism behind this type of injury and the different movements that are

involved in it, which is a critical step for developing and optimizing prevention strategies.
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Chapter 5 - Continuum mechanics

Continuum mechanics refers to the study of the way materials act when subjected to different
loading conditions. The continuum refers to an infinite amount of particles where every particle
always has neighbouring particles in every direction. In this continuum, the position of a particle
is defined by a vector with a specific set of coordinates and a combination of these vectors defines
a body. In turn, the body has a reference configuration and multiple deformed configurations,
which represent different deformation states [71].

When a particle is subjected to a load, a displacement occurs. The displacement vector in a
continuum (X) from the reference configuration P(t,) to the deformation configuration P(t) is

given by the vector from P(t,) to P(t), shown in the figure below as u (X, t) [71].

Figure 5.1 - Schematic representation of the displacement of a particle in a continuum [71].

As such, the displacement vector u is given by:

u=xXt)—X (5.1)

All the information relating to the local changes in lengths, volumes and angles derived from
deformation caused by the imposition of a load are contained in the deformation gradient F [71].
Consider a material element dX in its reference position deformed into a material element dx, the

relation between dX and dx is given by:
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dx = xX+dX,t) — x(X,t) = (Vx)dX (5.2)
If the deformation gradient is defined as F = Vx, the following equation is obtained:
dx = FdX (5.3)

The deformation itself is usually considered to occur in two steps, a stretch step which
stretches line elements to their final length and a rotation step, which orients them in the
directions of the deformed configuration. This train of thought is called the polar decomposition
theorem [72].

As such, the deformation gradient may be written as:
F=RU=VR (5.4)

Where U and V are symmetric matrices that define pure stretch deformations, called right and

left stretch tensors, respectively [71].

With the polar decomposition theorem in mind, an alternative to the deformation gradient was
introduced, the Right-Cauchy Green and the Left Cauchy Green [71].
The Right-Cauchy Green tensor is defined as:

C=U2=FTF (5.5)

Whereas the Left-Cauchy Green is defined as:

5.6
B = V? = FFT -6)

5.1 - Stress and Strain

The concepts of stress and strain are essential in continuum mechanics, as such, there are
several ways to measure them.

Starting off with the strain, this is not a measurable quantity but rather a concept that was
introduced to simplify analyses. In order to define the strain, there are several strain tensors,

namely the Lagrangian strain tensor (E):

1 1 (5.7)
= — T — = — —
E—Z(F.F 1) SC-1
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This tensor is usually used when analysing materials which present large strains and rotations
[71, 73].

Besides this, the Eulerian strain tensor (e) is also used in the measuring of strains:

5.8
e=%(I—FFT) 68

It has a similar significance to the Lagrangian strain tensor and is used in similar situations.
The main difference between the two is the fact that the Eulerian strain tensor allows to compute

the strain of an infinitesimal line element after deformation [74].

Regarding the stress, before considering this concept, it is important to define the traction
vector. This is a vector which represents the force being applied to a surface per unit of area of

deformed solid:

dfi
=i 5.9
= A s °

In this equation, dS*stands for a small element of area on a plane with a normal vector n
subjected to a resultant force df;. This vector is unique due to the fact that it needs to be
associated with its normal vector n for it to be meaningful, as there is an infinite amount of
traction vectors for each of the infinite cutting planes imaginable on the point which is being

subjected to the applied force [73]. As such, it can be represented as:

t = t(x, t,n) (5.10)

Which can be defined by the linear transformation shown below:

t(x,t,n) =o' (x,t).n (5.11)

Where o is called the Cauchy Stress Tensor [75].

In some situations, it is more suitable to formulate motion equations with respect to the
undeformed configuration instead of the deformed configuration. For this purpose, the first and
second Piola-Kirchhoff stress tensors were defined. Since deformation can be described with the
deformation gradient and with ] = det F, the Kirchhoff stress can be defined from the Cauchy stress

by the equation below [74].

T=]Jo (5.12)
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In contrast to the Cauchy traction vector t, which represents the actual force per unit area
which acts on the deformed solid, the nominal Piola-Kirchhoff traction vector T(X, t, N) has no real
physical significance in describing the intensity of the force. It can be considered as the force
acting on an element in the deformed configuration per area of the matching element in the

undeformed configuration:

af
T=— 5.13
IS (5.13)
The First Piola-Kirchhoff stress tensor P can be defined as:
P =JoF! (5.14)

While the Cauchy stress is symmetric, the same does not apply to the First Piola-Kirchhoff
stress tensor, which limits its usage. Due to this fact, the Second Piola-Kirchhoff stress tensor was
formulated [74]:

Z=]JoF T.F1 (5.15)

5.2 - Hyperelasticity

A material is considered elastic if it has both of the following properties: It displays the stress-
strain relation, meaning that the stress at one of its specific points depends only on the measure
of present strain at that point, and its Cauchy stress field is always symmetric [76].

Within the elastic materials, one particular subgroup can be highlighted, the hyperelastic
materials. In these, the work performed by the stresses it is subjected to during deformation are
exclusively dependant on the initial and final configurations. As such, these materials are said to
be path-independent [77]. Due to this particularity, it is possible to define a Helmholtz free-energy
function w, which is referred to as the stored energy function where v = w(F). With it, the Piola-

Kirschhoff tensor (S) presented in the previous section can be defined as:

g _ 0¥

- (5.16)

Which, combined with the symmetric Cauchy stress tensor where ¢ = J"'PFT, results in the

following equation:
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c= ]‘1F(@)T (5.17)

c= 2]‘1F(m) FT (5.18)

5.3 - Isotropic Hyperelasticity

Within the hyperelastic materials, it is possible to restrict the stored energy function by a
property named isotropy. This states that the response of the material to stress-strain situations
is the same in all directions. In this case, the relationship between w and C is independent on the
material axis. As such, w becomes a function of the invariants of C [78]. This is shown in following

equation:

‘P(C, X) = ‘P(111213X) (5.19)

Where 1, I, and I; are defined as:

I, (C) = trace(C)
1
,(C) = > (I13¢:0) (5.20)

13(C) = det(Q) = J?

5.3.1 - Transverse isotropic materials

Many biological tissues, including ligaments, are made up of one or more families of fibres
embedded in a matrix material [79].

These materials are regarded as transverse isotropic, a specific type of materials which are
quite heterogenous. They are mechanically regarded as anisotropic and possess strong directional
properties, in fact, they are isotropic along two of the main axes [80].

The anisotropic properties that these materials present are attributed to the presence of the
fibres while the matrix behaves as an isotropic material. A composite material of this sort with a
single family of fibres demonstrates different mechanical properties along the direction of the

fibres, where its stiffness is significantly larger than in orthogonal directions. This direction is
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referred to as the preferred direction which is referenced, in the reference configuration, by a
unit vector field a,(X), |ay| = 1. In the deformed configuration a new direction is defined by the

unit vector field a(x, t), [a| = 1 [78]. These two can be related in the following equation:

Aa = Fa, (5.21)

Where A represents the stretch tensor. The Helmholtz free energy function, assuming
hyperelasticity, can be defined as the tensor product a, ® a, and expressed as a function of the

Cauchy-Green tensor C:

Y = ‘P(C, dg X ao) (522)

In order to form the integrity bases of the tensors C and a; ® a, and to satisfy their relation,
two new scalars are required beyond the first three (I; I, ,I3) which were already defined in the
previous section. These are called the pseudo-invariants of C and a; ® a, and come directly from

the anisotropy and contribute to the free energy. They are shown below as I, and I [78]:

I4(C, ao) = dyp. Cao = AZ
(5.23)
I5(C, ag) = a,.C%a,
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Chapter 6 - Finite Element Method

When a load or a force is applied to a solid, it is said to be stressed. These stresses cause
deformations or relative displacements in the solid, which are in turn called strains. Solid
mechanics handle the relation between these stresses and strains that act on a solid, as well as,
the relation between the strains and displacements [81].

Solids act according to their material properties. They can be classified as elastic, if the
deformation that the loading imposes on them is completely reversible when the load is removed.
In opposition, materials which present permanent deformation after the load is removed are
classified as plastic [81]. Besides this, solids may also be classified as isotropic or anisotropic,
depending on their material properties. In anisotropic materials, the deformation caused by a load
applied in a specific direction is different from the deformation that the same load with the same
of force causes when applied in a different direction [82]. In these cases, the material properties
are dependent on the direction in which the force is applied. This leads to a tremendous amount
of material constants that need to be specified to describe such materials, therefore, in
engineering problems, these materials are often dealt with by assuming isotropic behaviour to
simplify the analysis. In isotropic materials, the material properties are independent from the
direction of the force, this is the case in many engineering materials. For this case, only two
independent material properties are required to fully describe the materials, the Young modulus
and the Poisson ratio, which simplifies the process quite a bit [81, 82].

There are six independent stress components at a specific point of an elastic continuous 3D
solid. These stress components are usually called stress tensors and can be written in a vector

form as shown below:

o = {Gxx o-yy Oz 0-xy 0-yz GZX}T (6.1)
Simultaneously, there are also three strain components which can be written in a vector form:

s:{sxx syy &€,2 sxy 8yz szx}T (6.2)
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This strain vector (€) may also be written as:

€ = Lu (6.3)
Where u is the displacement vector and L is a matrix of partial differential operators.

In isotropic behaviour, which is assumed in the model used for this work, the relation between
the stress (o) and strain in a 3D solid is given by the constitutive equation called Hooke’s law

presented below:
6=CEt (6.4)

c is a matrix called constitutive matrix and is made up of material constants obtained from

experimental data [81].

The partial differential system equations that rule a physical phenomenon are made up of
strong form system equations. However, determining exact solutions from strong form system
equations is often tremendously difficult to manage when dealing with complex engineering
problems. Therefore, the weak form system equations are preferable since they lead to discrete
system equations capable of providing accurate results [81]. In this work, the Galerkin weak form
is the method used to obtain these discrete system equations. It is a variational principle based on
energy minimization, the real solution minimizes the Langrangian functional which can be

represented as:
L=T-U+W; (6.5)

Where T represents the kinetic energy:

1 T
T = —f puludQ (6.6)
2 Q

Q is the domain which describes the body, u is the first derivative of the displacement and p
is the density of the body.

The U represents the strain energy and is defined as:

1
U= —f £To dQ (6.7)
2 Q
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Finally, the W, represents the work performed by the external forces and is expressed as:

We = fuTb dQ +f ul tdr (6.8)
Q r

t

With u being the displacement, b the body force vector and t the traction on the natural
boundary where the external forces are applied [81].

As such, the Galerkin weak form can be represented as:

:l T _l T T T3
L pu udQ €o0dQ+ | ubdQ+ | u tdl (6.9)
2Jq 2Jq Q Ty

Disregarding the dynamic part of the equation, which is the kinetic energy variation, and after
some rearrangements, the result is the equation below:

f 5eTo dQ — f suThdQ — | suTtdlr =0 (6.10)
Q Q re

Taking the first term of the previous equation and applying Hooke’s law for isotropic behaviour,

which was mentioned at the beginning of this chapter, it is possible to obtain the following:

f 5eTodQ = f (6Lw)"c (Lu)dQ = f (LH5uy) ¢ (LHuy)dQ
Q Q 0
= fausTBTcBus dQ = aquBTchnu (6.11)
Q 0
Q Q
= éu’ Z[@, Bl c¢B)|lu=6u" Z[K,]u =8u’Ku
=1 =1

Where &; is the integration weight, B, is the deformability matrix for the n nodes that make
up the element, H is the interpolation function matrix and K, is the local stiffness matrix, which
is ultimately combined with all the other K;, determined for each integration point, and together

these will form the global stiffness matrix K.
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From the second and third terms of equation (6.10), respectively, it is possible to obtain the

following simplified expressions:

Q
f&uTb de = f (HSug)"b dQ = su” f H'bdQ = SuTZ[@I H{'b]
Q 0 0 =1
(6.12)
Q
= Su’ Z[fbl] =8u’f,
=1
SHTZdF = J. (Hé‘us)Ti' dr = 6uT f HTi'dF = 8uTZ[aI*HITi]
I 0 0 I=1
(6.13)

o
= éu’ Z[ftl] =éu’ f,
=1

Where f, is the global body force vector and f, is the global external force vector. Since the
magnitude of the external force is usually much higher than the one for the body force vector, the

effect of the body can be neglected. The resulting equilibrium equation is shown below:
SulKu— 8su'f, =0 > Ku=f, (6.14)
From this last equation, it is possible to obtain the displacement field u [83].

The finite element method (FEM) is a numerical method which has been used numerous times
to study the biomechanics of the knee joint [30]. This method was created in the later 1950’s and
early 1960’s, only a short while after the development of the first computer. In fact, its origins
date back to 1956, where Turner et. al [84]. came up with a humerical method for solving complex
structural problems which would be used as the starting point for the development of the FEM
[85]. The first application of this method to the area of biomechanics was in 1972, and since then
it has become a popular and effective tool used in several areas of engineering [30].

In the FEM, the domain is discretized into finite elements which are connected by nodes,
creating a mesh where every element is either directly or indirectly connected [83]. This way,
complex geometries are represented by a set of small elements (Figure 6.1). These geometries are
approximated by straight lines or flat surfaces, this implies that, the accuracy of a curved part,
for example, is dependent on the number of elements that make up the mesh that is obtained
from it. After subdividing the problem domain, linear functions are developed for each element.
These equations of each of the individual elements are assembled and from them, the equations

that represent the global system are obtained. After solving these global equations, the FEM can
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determine quantities of interest, which may be, for example, the strains or stresses felt at
different points of the mesh [82, 86].

Figure 6.1 - Discretization of the initial domain (left) into two different meshes: one with a small

number of elements and nodes (middle) and one with a large number of elements and nodes (right).

As it was previously mentioned, in order to obtain the discrete equation system, weak form
system equations are used. However, it is impossible to use analytical integration when solving the
weak form, therefore, it is necessary to resort to numerical integration. Since the integrals used
in the FEM are typically polynomial, the Gauss quadrature is often employed for this purpose [86].
In the Gauss quadrature, the domain is divided into a grid, which is converted into an isoparametric
grid, of natural coordinates, and then, each cell of this grid is given their respective integration
points, as shown in Figure 6.2. With these, a correspondence can be established between the
cartesian and the parent coordinates, which allows for the specification of shape functions in

natural coordinates. From these shape functions, it is possible to obtain the element properties
established in the global coordinate system [82, 87].
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Figure 6.2 - (a) initial domain divided into a grid; (b) conversion to isoparametric grid and attribution of

integration points; (c) Return to initial shape [81].
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6.1 - Geometric Model

The geometric model is the basis for performing simulations using the FEM, and, in order to
obtain reliable results, the chosen model must accurately represent the anatomical structures that
are being studied. When the structure and properties of the geometric model are as similar as
possible to the real structure, it becomes safe to extrapolate the obtained results to real life
behaviour [86]. Having said this, the steps involved in the creation of a model to precisely mimic
an incredibly complex structure as the human knee joint require a tremendous amount of time to
perform. Nowadays there are a vast number of knee joint models which have already been created
and described in the literature [3, 30, 88, 89].

In this work, the geometry of the knee joint which was used was based on a widely used open
source model, with a solid degree of detail, obtained from the Open Knee project. This way,
several lengthy developmental steps were circumvented.

The Open Knee is a model of the tibiofemoral joint with all of the structures that are involved
in this joint, which were previously described in this paper: the femur (only the distal portion),the
tibia (proximal portion), the articular cartilages, both the medial and lateral menisci and the 4
main ligaments of the joint (ACL, PCL,MCL and LCL). The model was based on the anatomical and
mechanical data obtained from the right knee of the cadaver of a 70 year old female donor with
a height of 1.68 m and a weight of 77.1 kg [90]. It is a freely accessible finite element model which
has served as the basis for many studies using finite element models of the knee in the last years
[91-94].

Although this model was chosen due to its convenience and level of detail, it is also important
to note that it is not without its limitations. The main limitations are the absence of the
patellofemoral joint and its main structures besides the femur, such as the patella and the patellar
tendon. It also lacks the fibula bone and the joint capsule of the knee, as well as many of the soft
tissues around the joint such as the skin and muscles [89]. However, since the aim of this work is
to study the influence of the movement of the knee on the ACL, these shortcomings are of little
importance, since their contribution to the movement of the joint is close to none. The absence
of the fibula bone, for example, is the reason why the LCL is not distally connected to any surface
and simply follows the movement of the tibia, which in itself is no major issue since the fibula
would be connected to the tibia, therefore, its movement would be the same.

The Open Knee consists of an Abaqus (Simulia, Providence, USA) input file with the entire knee
model previously assembled and meshed. The model which is obtained is represented in the figure

below.
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Figure 6.3 - Mesh of the entire knee model used in this work. Each group of anatomical structures is
represented in different colours: Bones (grey), ligaments (blue), articular cartilages (green) and menisci
(yellow).

In order to improve the reliability of the results which were obtained in this work and the
stability of the model, some modifications were performed to the pre-existing model, acquired
from the Open Knee Project, using the Abaqus input file.

The first modification was the introduction of 3D vertical fibres in the ligaments to simulate
the collagen fibres that make up these structures since these are the main structures of the
ligaments of the human knee and therefore, their absence would have a significant impact in the
tension values that would be obtained in these structures. The fibres that were added are shown

in the figure below.
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Figure 6.4 - Front view of the fibres of the knee ligaments: ACL (red), PCL (orange), collateral
ligaments (yellow).

In the original model, the menisci are immobile and fixed to the tibial cartilages using a “tie”
function. In reality, as was previously mentioned in Section 3.1.1.2, the menisci have some
mobility which plays an important role in their ability to act as efficient load bearing structures in
a dynamic knee joint.

In order to account for this, the “tie” function that fixed the menisci to the tibial cartilages
was removed and switched with contact pairs between the menisci and the articular cartilages of
the two bones. This way, the menisci were free to move around. However, by freeing the menisci
from the tibial cartilages, the simulation started to become unstable due to the movement of
these structures which were now completely loose and moved violently. To counter this effect,
some springs and some elastic bars were added to the menisci, which fixed them to the tibial
cartilages but allowed for some small movements to be performed so that these structures could
adjust their position along with the movement of the joint. These springs and elastic bars are

shown in Figure 6.5.
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Figure 6.5 - Elastic bars (red) and springs (white) that were added to the model to stabilize the

menisci.

This model was subjected to a simple test to evaluate its stability and accuracy and was used
to study the kinematics of the knee joint in order to understand the different movements that may
be imposed on it.

The implementation of the UMAT is a strenuous process involving several attempts and
adjustments to some parameters, as such, the geometric model had to be simplified in order to
reduce the computational power needed to complete each simulation and, consequently, simplify
the analysis of the ACL injury, otherwise, it would be impossible to obtain the necessary results in
this work within the stipulated time period.

In this simplified version (Figure 6.6), the model consisted only of the femur and tibia and the
ACL between them. And although the model complexity was reduced, some measures were taken
in order to avoid, as much as possible the resulting decrease in the reliability of the results. Firstly,
the kinematics of all of the movements which were tested in this work were previously obtained
from the initial and more complete model and only then were they applied to the simplified model
with the UMAT in order to obtain the results which are shown in Section 7.3. Besides this, the ACL
geometry was improved to increase the reliability of the results, since this is the main structure
of interest in this work. Instead of a single, somewhat uniform structure, the ligament was divided

into two bundles in order to more closely emulate its structure, as shown in Figure 6.7.
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Figure 6.6 - Simplified model used in this work for the incorporation of the damage parameter. Left -

Anterior view; Right - Posterior view.

Figure 6.7 - Improved geometry of the ACL used in the simplified model.
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6.2 - Material Properties

In order to create a finite element model of the knee, it is necessary to define the material
properties of each of the main anatomical structures that were included.

The tibia and the femur are the only two bones which were included. Since the stiffness of the
bones is significantly higher than that of the other structures that were included, which are soft
tissues, these were modelled as rigid bodies. Bones are often modelled like this because, this way,
it is possible to drastically reduce the computational cost of the simulation with almost no
reduction in the reliability of the results [88].

In the first model, the articular cartilage and the menisci were modelled as linear elastic
isotropic materials, an approach that has been used in several studies and that limits the
computational cost and numerical difficulties [95].

Regarding the ligaments, these are made up of fibres and a support matrix to these fibres. The
fibres are the elements that support the traction stresses while the matrix only serves to support
the fibres and keep their cohesion. In both cases, the Neo-Hook hyperelastic model was used and
a set of mechanical properties was attributed to all ligament fibres (C10=280 MPa and D1=0.32),
while a different set of mechanical properties was attributed to the support matrix (C10=0.1 MPa
and D1=0.3).

The mechanical properties of all the structures that were previously mentioned are shown in
the table below.

Table 6.1 - Mechanical properties of the main components of the knee joint that were included

in the finite element model.

Anatomical Structure Young’s Modulus (MPa) Poisson Coefficient Reference
Cartilage 5 0.46 [28, 96, 97]
Meniscus 59 0.45 [97-99]

Regarding the model with the UMAT, which was used to analyse the numerical damage, the
material properties of the ligament were also changed. Instead of applying a simple Neo-Hook
hyperelastic model with different properties for the fibres and extracellular matrix, a different
approach was used and a new constitutive model was employed in order to take these differences
into account. As such, in this model, the ACL was defined using a constitutive model which was
developed specifically for transversely isotropic materials, such as ligaments, called the Holzapfel-
Gasser-Ogden (HGO) model.
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In this model, the following relation is established for the strain energy density of fibres (¥;;):

k
q"fib(cr aO) —— [e(k2(14—1)2) — 1] (6.15)
2k,

Where k; > 0is a material parameter with the dimension of stress and k, > 0 is a dimensionless
material parameters, both refer to the properties of the collagen fibres. The a, vector defines the
direction of the fibre families (which can be either a single fibre family or two families) in the
reference configuration [100, 101]. It was obtained, for each of the fibres that were incorporated
in the model, using a Matlab routine (see appendix) which created a vector, at the centroid of
each of the 3000 elements that made up the ACL geometry in this model, with the direction of

node 1 to node 4 (Figure 6.8). The constants k; and k, that were used are shown in Table 6.2.

Figure 6.8 - Fibre directions obtained with the Matlab routine.

As was previously said, in order to implement the HGO material model, a user material
subroutine was defined, based on the subroutine developed by Ferreira J.P.S. et al., 2017 [102].

For the sake of more accurately representing the ACL behaviour during the motions which were
tested, a numerical damage parameter was added to the constitutive model, using this UMAT. This
way, it became possible to identify where the damage to the collagen fibres is more likely to
occur, when it is expected to start during a specific motion and its extent. For this purpose, an
internal state variable, as presented in Calvo et al., 2007 [103], was included in the material

model.
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With it, the strain energy function (U) is represented as what is shown in the following

equation:
U= (1-D,)U/(1-D)Us + U (6.16)

Where U; and Uy are the effective strain energy function. While D,,, and Dy are damage
variables of the matrix and fibres, respectively.

The following equation shows the relation between the damage variables and the material,
Dy:

Dg =4E2[1—B (2= 1)] if Edin < Eke < Emax (6.17)
1 lf Ekt E;)nax

Where k = [m, f], £ = (¢t — E%a)/ (ESax — E2:n) is a dimensionless variable, 9. and 29, ,, are

mm
variables which indicate the strain energies at initial and total damage, respectively. This means
the

model starts accumulating damage and, at that location, the ligament starts to gradually lose its

that if the strain energy value at a specific location exceeds the threshold set by the 29, ,
rigidity until the strain energy reaches the value set by =9 .., where the damage is considered
total. Consequently, at that specific location, the ligament completely loses rigidity. The value of
the strain energy B, is an exponential parameter collected from experimental data. All of these
parameters, as well as the material parameters, referring to the HGO model, were adjusted using
the experimental data from Paschos N.K. et al., 2010 [104]. The resulting parameters are shown
in the table below.

Table 6.2 - Material and damage parameters used to implement the HGO material model

coupled with a damage parameter.

Material Parameters Damage Parameters
k1 = 7.00 MPa 20, =1.00J
k2 = 1.00 EQax =342

The damage parameter was only applied to the fibres of the ACL, which are responsible for
most of its structural integrity, therefore, the matrix was left without damage in the simulations
in order to improve their stability.



43

Chapter 7 - Results and Discussion

7.1 - Knee Kinematics

After the modifications to the original Open Knee model, a numerical simulation was
performed in order to evaluate the kinematics of the knee joint. The model was subjected to the
natural rotation of the knee joint when the knee is flexed. A flexion of 90 degrees was imposed to
the femur. The simulation ran until around 47 degrees of flexion where it was aborted due to an
inability to achieve force equilibrium. However, since the aim of this work is to study the ACL
injury, 47 degrees of flexion are enough for this purpose since, as was previously mentioned in
Chapter 4.3, these injuries occur with the knee at full or near full extension.

With the results that were obtained, the maximum principal stress was calculated at 4
different nodes in different areas of the ACL, which were numbered as shown in Figure 7.1, to

measure the stresses to which this ligament was exposed.
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Node 2

Node 1

Figure 7.1 - Nodes from the ACL that were chosen for the evaluation of the stresses that were applied to

this ligament (red dots surrounded by white circles).

The graphs that were obtained for each node are shown below.
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Figure 7.2 - Graphs obtained for the maximum principal stress applied to each of the chosen nodes plotted
with the increase of the degree of knee flexion.

The graphs show that the maximum principal stress on the ACL is quite different depending on
the location from where it is calculated. It is higher close to the middle portion of the ligament,
especially in the region of Node 2 where it reached over 16 MPa. This is according to what can be
found in the literature, the stresses that act on the ACL are not uniformly distributed along the
ligament but rather different at different location and usually, the highest stresses are measured
near the middle of the ligament [24, 25].

In all of the cases, the maximum principal stress steadily increased with the higher degrees of
flexion in the knee and reached its maximum value at the end of the simulation, which was
expected to happen since, the only possible source of strain is the rotation of the femur that is
occurring, without any loads to simulate the weight of human body that the knee should be
supporting or any other movement in any other plane of motion.

After successfully improving the features of the original model obtained from the Open Knee
Project and obtaining this sufficiently stable and accurate model, it was used to get a sense of the
kinematics of the knee joint, with all of its main anatomical structures, before the implementation

of the UMAT with the damage parameter.

7.2 - Implementation of the HGO Material Model Using a UMAT with

a Damage Parameter

After understanding the kinematics of the knee joint, the model was simplified and, as was
previously mentioned, it was calibrated using the experimental environment of the paper of
Paschos N.K. et al., 2010 [104] which was recreated and the material and damage constants were
adjusted until the obtained results were as close as possible to the graph obtained from the
averaging of the experimental data. In order to test several parameters and reduce the

computational cost of the simulation, a single cube was created (Figure 7.3), made up of a single
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element, which was in turn made up of 8 nodes. The cube was stretched in order to replicate the

experimental conditions and with it, it was possible to test the parameters in a uniform state of
tension simulating a single element within the ACL.

Figure 7.3 - Cube used in the calibration of the model.

After several tests, the parameters shown in Table 6.2, were chosen, since the stress curve

which was obtained with them was as close as possible to the one obtained experimentally in the
previously referenced paper, as shown in the figure below.

# Experimental curve

® Calibration curve

3

Tension (MPa)

o]

16 18

Stretch (mm)

Figure 7.4 - Comparison between the figure created from the average of the experimental results
presented in [104] (blue) and the results obtained from the calibration using the single element cube

(orange).
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7.3 - Evaluation of the Damage on the ACL in Injury Related

Movements

The next stage in this work was to test some of the movements that are known to induce ACL
injury, mentioned in Chapter 4.3. These were the anterior force at the tibia, knee valgus, a slight
knee flexion and tibial internal rotation.

Based on the premise that the anterior force at the tibia is the main responsible for the ACL
injury, this movement was tested alone and combined with all the other tested motions since,
when combined with knee valgus, slight knee flexion or tibial internal rotation, it leads to more

damage on the ligament.
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Figure 7.5 - Anterior translation of the tibia. Left - Neutral state; Middle - After anterior translation of

the tibia; Right - Colour map of the representation the damage on the ACL (Lateral view).

In fact, this was also verified in the simulations, when isolated, the tibial anterior translation
led to a damage which was, in some areas, around 47.88% and mostly located in the lateral side
and posterior side of the ligament (Figure 7.5). When combined with either of the other
movements (Figure 7.6), this percentage increased in every case. This increase was more
pronounced in the case of the combination of the anterior translation with the knee valgus. This

is in accordance with the existent bibliography which states that a combination of the anterior
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translation of the tibia and one of these three other movements elicits higher strains on the ACL,

especially in the case of the knee valgus [6, 70].

+ Knee valgus + Tibial Internal rotation + Slight knee flexion

SDV_DAMA SDV_DAMA SDV_DAMM

{Avg: 75%) (Avg: 75%) {Avg: 75%)
+5.262e-01 +5.083e-01 +4 B240-01
+4 800e-01 +4 634e-01 +4 396a-01
+4.339e-01 +4.1858-01 68e-01
+3.8788-01 +3.735e-01 +3.5418-01
+3417e-01 +3.286e-01 +3.1138-01
+2.8568-01 +2 837e-01 +2.6856-01
+2.4956-01 +2.388e-01 +2.2585-01
+2.033e-01 +1.989e-01 +1.8308-01
+1.5726-01 +14892-01 +14026-01
+6.4996-02 +5.810e-02 +54728-02
+1.8878-02 +1418e-02 +1.1968-02
-2 724802 -3.074e-02 -3.081e-02

Figure 7.6 - Colour map of the representation the damage on the ACL (Lateral view) after the
addition of knee valgus (left), tibial internal rotation (middle) and knee flexion (right) to the

anterior translation movement.

Regarding the location of the damage, it is possible to notice that in the combination of the
anterior translation and the knee valgus, the damage is mostly located at the lateral side of the
ligament and prevalent in the AM bundle. In the PL bundle, there is a large area of damage that is
present in its posterior side when the anterior translation is isolated (see Figure 7.5) which is

absent in Figure 7.6. Regarding the addition of internal rotation, the location of the damage is
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similar, the only real difference to the isolation of the anterior translation is the slight increase in
the damage intensity. When analysing the addition of the slight knee flexion, it is possible to verify
that the location of the damage was shifted to a more anterior location, especially in the PL

bundle, which is noticeable in the additional picture which was added to Figure 7.6 in this case.

53
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Figure 7.7 - Comparison between the highest achieved damage on the anterior translation and the

highest achieved damage on the combination of this movement with the other secondary movements.

In Figure 7.7, it is possible to compare the influence of the different combinations. When the
anterior translation is combined with one of the other three movements, the resulting damage
always reaches higher values. It is also noteworthy that the combination with the knee valgus
seems to elicit higher damages, while the combination with the knee flexion only leads to slight
increase in the damage magnitude, indicating that simply combining it with the anterior translation
does little difference in the overall damage to the ligament.

Several studies state that without the strain produced by the anterior translation of the tibia,
the ACL injury cannot occur in a healthy knee. With this in mind, the valgus and flexion of the
knee, as well as, the internal rotation of the tibia were evaluated individually, in order to confirm
that the developed model was accurate and that their influence in the previous results is still
noticeable when isolated.
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Figure 7.8 - Knee valgus. Left - Neutral state; Middle - After knee valgus; Right - Colour map of the

representation the damage on the ACL (Lateral view).

In Figure 7.8 and Figure 7.10, it is noticeable that the isolation of both the knee valgus and
the knee flexion did not lead to the occurrence of any damage on either bundle of the ACL, which
is in accordance with the premise that, without the anterior translation movement the ACL injury
does not occur.

Regarding the tibial internal rotation (Figure 7.9), there was some damage, probably resulting
from the fact that the knee valgus and knee flexion are movements which are somewhat common
in the normal functioning of the knee joint, while the tibial internal rotation is something more
unlikely to happen in the daily activity and probably generates higher tensions on the ACL. Even
so, the damages were quite low, only reaching between 10 to 11% in a specific location in the
ligament while in other locations the damage was much lower. When analysing this damage, as
was expected from the conclusions drawn from the previous simulations, the location of most of
it is similar to the location on the simulation of anterior translation (Figure 7.5), which is to say
that it is mostly located in the lateral side of the AM and PL bundles. In regard to its magnitude,
it is much smaller than in the anterior translation, reaching only a maximum of 11.83%. As

expected, the damage contribution from the anterior translation is much higher.
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Figure 7.10 - Knee flexion. Left - Neutral state; Middle - After knee flexion; Right - Colour map of the

representation the damage on the ACL (Lateral view).
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The combination of movements involving the tibial anterior translation and knee flexion is
quite common when an ACL injury occurs, therefore tow new simulations were performed where
it was combined with both the knee valgus (the combination of these three motions is quite
common in the landing portion of jumps that are associated with ACL injury) and with tibial
internal rotation. The results of both simulations are shown in Figure 7.11. In the first case, it is
possible to notice that the addition of the valgus movement led to a damage of higher magnitude
(up to 55.43%) and the location of the damage was shifted, it became less prominent in the
posterior area while being more concentrated on the lateral side of the ligament. Again, this shows

the tendency for the knee valgus to concentrate the damage on the lateral side of the ligament.

SDV_DAMM SOV_DAMFM

{Avg: 75%) {Avg: 75%)
+5.5432-01 +5 2892-01
+5.0592-01 +4 8228-01
+4.575e-01 +4.3558-01
+4.091e-01 +3.8882-01
+3.6082-01 +3421e-01
+3.184e-01 +2.9542-01
+2.6402-01 +2487e-01
+2.1572-01 +2.020e-01
+1.6732-01 +1.5538-01
+1.18%2-01 +1.0868-01
+7.054e-02 +6.188e-02
+2.2172-02 +1.5178-02
-2620e-02 -3154e-02

Figure 7.11 - Colour map of the representation the damage on the ACL (Lateral view). Left - Anterior
translation combined with knee flexion and knee valgus; Right - Anterior translation combined with knee
flexion and tibial internal rotation
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With the addition of the tibial internal rotation, the damage was only amplified (reaching
53.89%) while the location remained similar. This is in agreement with previous simulations since

the tibial translation and internal rotation both tend to damage the lateral portion of the ligament.

The last movement that was tested was the cutting movement. It can be described as a sudden
change of direction to the side and is one of the most common movements that are performed
during physical activity. It is also one of the most commonly performed movements in cases of ACL
tear. It involves all of the motions which were previously tested, the knee is at a valgus motion,
the quadricep is pulling the tibia anteriorly in order to slow down the momentum of the body, the
knee is slightly flexed and there is internal tibial rotation, which can be quite significant in cases

where the foot gets stuck on the ground during this movement.

SOV_DAMA
{Avg: 75%)
+1.045e+00

+8.543e-01
+8.638e-01
+7.732e-01
+6.827e-01
+5921e-

+5.0168-01
+4.110e-01
+3.205e-01
+2.2889e-01
+1.3948-01
+4 884e-02
-4.171e-02

Figure 7.12 - Colour map of the representation the damage on the ACL (Lateral view) after performing

the cutting movement.

In this case, the magnitude of the damage reached 104.5% in some points (Figure 7.12), which
means that there was complete fibre rupture. The damage should be interpreted as 100% since

the formula that is used to calculate the damage does not assume values higher than this, the
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extra 4.5% is due to the extrapolation from the Gauss points into the nodes, done by the Abaqus
software. This means that the combination of these four movements is more likely to cause ACL
injury than in the absence of any of them. The location of the damage is once again focused on
the lateral side of the ligament.

All of the results obtained from the several movements that were tested in this work are

summarized in the table below.

Table 7.1 - Summary of the results obtained from the evaluation of the damage on the ACL in

injury related movements.

Movements Location of Most of the Damage Highest Damage Value

Anterior Translation Lateral and Posterior side 47.88%

Anterior Translation +

Lateral side 52.62%
Knee Valgus
Anterior Translation +
Lateral and Posterior side 50.83%
Tibial Internal Rotation
Anterior Translation +
Lateral and Anterior side 48.24%
Knee Flexion
Knee Valgus No damage -
Tibial Internal Rotation Lateral side 11.83%
Knee Flexion No damage -
Anterior Translation +
Lateral side 55.43%

Knee Flexion + Knee Valgus

Anterior Translation +
Knee Flexion + Tibial Lateral side 52.89%

Internal Rotation

Cutting Movement Lateral 100%




55

Chapter 8 - Conclusion

The ACL injury is a condition that affects numerous people every year, especially athletes and
people that lead an active lifestyle. It often demands long recovery periods and can, depending
on the degree of the injury, require invasive reconstructive surgery. Due to its importance in the
stabilization of the knee joint, an ACL injury can also lead to injuries in other structures and cause
severe disabilities. Understanding the mechanism behind these injuries is an essential step in
developing methods to prevent it.

In the literature there are several examples of the use of the FEM for the study of the ACL and
of the injuries that afflict it, as well as the surgical procedures to repair it. So far, it has been
established that the ACL injury occurs when an excessive tension is applied to it, which causes a
tear. The ACL injury seems to result from a combination of forces and moments, of which, an
anterior shear force on the proximal end of the tibia, caused by a strong contraction of the
quadriceps muscle, seems to be the main factor. Knee valgus seems to have an important
contribution to it, since most of the injuries happen when it is present. Another important factor
is the knee at or near full extension at the time of injury, and tibial internal rotation. However,
the exact mechanism behind this injury has yet to be fully understood.

In this work, a simplified model of the knee joint was subjected to several combinations of the
movements which have been identified in several other studies as the main causes of ACL injury.
The obtained results were in accordance with what is expected to happen in a real life ACL. The
anterior translation of the tibia was clearly the main cause of damage and its combination with
the other secondary movements further increased the damage on the ligament, especially with
the valgus motion. In fact, the more secondary movements were added, the more the damage
magnitude was increased, with the combination of all four movements being the one which
generated damages of higher magnitude. This further proves the high complexity of the mechanism
behind this injury.

Regarding the location of the damage, in general it is always located in the middle of the
ligament which is in agreement with the fact that most of these injuries occur in the middle portion
of the ACL, as was mentioned earlier. Within this middle portion, the damage was more prevalent

in the lateral side of the ligament. When the anterior translation of the tibia is isolated, it leads
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to the appearance of large damage areas in the lateral and posterior side of the ligament. This
damage area on the posterior side seems to disappear with the addition of the valgus motion which
focuses the damage on the lateral side. The addition of the tibial internal rotation to the anterior
translation seems to focus the damage on the lateral side of the ACL. Finally, the addition of the
knee flexion to the anterior translation leads to the appearance of a large damage area on the
anterior side of the ligament, especially in the posterior bundle.

However, the obtained results are not without their limitations. Even though the kinematics
imposed on the UMAT model were tested on a more complete model, the strains which the damage
parameter used to apply the damage to the ligament, are likely not a completely accurate
representation of the real strains that the ACL is subjected to, due to the absence of many of the
main anatomical structures which are vital to the stabilization and structural integrity of this joint.
Another limitation is the fact that a single family of fibres was included in the ligament, which
means that all of the fibres had a similar orientation, which is not the case in a real ACL. In fact,
some authors have gone as far as saying that the absence of the peripheral tissues of the knee
joint, which is also the case in the models used in this work, may alter the joint biomechanics
[105].

In conclusion, a stable and working finite element model was developed which included a UMAT
capable of attributing the HGO material model to the ACL in conjugation with a damage
parameter, which gives it the ability to simulate damage accumulation and predict the locations
of fibre rupture in cases of injury. The model was adequately calibrated, which is confirmed by
the satisfying results that were obtained when the model was subjected to kinematics which were
obtained from a complete model of the knee joint with all of its main structures and with some
improvements on the original Open knee model.

In future works, it would be interesting to enhance this geometric model with the inclusion of
more anatomical structures of the knee and also attempt to test some of these movements related
with the ACL injury with the inclusion of a vertical load which would simulate the weight of the
individual. This would be particularly important in analysing movements such as the landing portion
of a jump where an ACL tear is expected to occur, since many of these injuries stem from weight

bearing motions such as this.
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clc;

clf;

clear;

load nodes.dat

load elements.dat

%load familia_fibras1.dat

%load familia_fibras2.dat
tabela=zeros(3000,4);
id=elements(:,1);

tabela(:,1)=id;
node_inicial=elements(:,2);
node_final=elements(:,6);
idnode=nodes(:,1);
tabelaxyz_node_inicial=zeros(3000,4);
tabelaxyz_node_final=zeros(3000,4);
j=0;
tabelaxyz_node_inicial(:,1)=node_inicial;
tabelaxyz_node_final(:,1)=node_final;
norma=zeros(3000,1);

nelem=3000;

centroids=zeros(nelem,3);

angle1=29;
angle2=62;

vetoresfinais=zeros(3000,3);

%para no 1
for i=1:3000



for j=1:5084

if node_inicial(i, 1) == nodes(j,1)

tabelaxyz_node_inicial (i,2) = nodes(j,2);
tabelaxyz_node_inicial (i,3) = nodes(j,3);

tabelaxyz_node_inicial (i,4) = nodes(j,4);

end
end

end

%para no 4
for i=1:3000
for j=1:5084

if node_final(i,1) == nodes(j, 1)

tabelaxyz_node_final (i,2) = nodes(j,2);
tabelaxyz_node_final (i,3) = nodes(j,3);

tabelaxyz_node_final (i,4) = nodes(j,4);

end
end

end

%norma e Xyz

for k=1:3000
norma(k,1)=sqrt(((tabelaxyz_node_inicial(k,2)-tabelaxyz_node_final(k,2))"2)+((tabelaxyz_node_inicial(k,3)-
tabelaxyz_node_final(k,3))"2)+((tabelaxyz_node_inicial(k,4)-tabelaxyz_node_final(k,4))"2));
tabela(k,2)=(tabelaxyz_node_inicial(k,2)-tabelaxyz_node_final(k,2))/ (norma(k,1));
tabela(k, 3)=(tabelaxyz_node_inicial(k,3)-tabelaxyz_node_final(k,3))/ (norma(k,1));
tabela(k,4)=(tabelaxyz_node_inicial(k,4)-tabelaxyz_node_final(k,4))/ (norma(k,1));

end

face1 = [1 2 3 4]; % vertices to connect to make square
face2 =[5 67 8];
face3 =[2 37 6];
face4 = [1 4 8 5];
faceb = [12 6 5];
face6 =[4 37 8];

nodes_coordinates=nodes(:,2:4);

elements_connectivities=elements(:,2:9);

for i=1:3000;
node_inicial=elements_connectivities(i,1);
node2=elements_connectivities(i,2);

node3=elements_connectivities(i,3);



node_final=elements_connectivities(i,4);
node_inicial=elements_connectivities(i,5);
node6=elements_connectivities(i,6);
node_final=elements_connectivities(i,7);

node8=elements_connectivities(i,8);

for ii=1:8
nodei=elements_connectivities(i,ii);
for jj=1:5084
if nodei == nodes(jj,1);

node(ii,:)=nodes(jj,2:4);
end

end

end

centroid_x=(node(1,1)+node(2,1)+node(3,1)+node(4,1)+node(5,1)+node(6,1)+node(7,1)+node(8,1))/8;
centroid_y=(node(1,2)+node(2,2)+node(3,2)+node(4,2)+node(5,2)+node(6,2)+node(7,2)+node(8,2))/8;
centroid_z=(node(1,3)+node(2,3)+node(3,3)+node(4,3)+node(5,3)+node(6,3)+node(7,3)+node(8,3))/8;
centroids(i,1)=centroid_x;

centroids(i,2)=centroid_y;

centroids(i,3)=centroid_z;

%node=[nodes_coordinates(nodet,:) ;..
%

%
%
%

nodes_coordinates(node2,
nodes_coordinates(node3,

) ;...
( i
nodes_coordinates(node4,:) ;...

nodes_coordinates(node5,:) ;...

% nodes_coordinates(nodesb,:) ;...
%nodes_coordinates(node7,:)
( })

3.

]

%nodes_coordinates(nodes,

)

patch('Faces',face1,Vertices',node, FaceColor',' none’)

patch('Faces',face2,Vertices',node, FaceColor',' none’)
patch('Faces',face3, Vertices',node, FaceColor','none’)
patch('Faces',face4, Vertices',node, FaceColor','none’)
patch('Faces',face5, Vertices',node, FaceColor','none’)
( )

patch('Faces',faceé6, Vertices',node,'FaceColor','none

plot3(centroids(i,1),centroids(i,2),centroids(i,3),0’)

vetoresfinais(i,1)=tabela(i,2)+centroids(i,1);
vetoresfinais(i,2)=tabela(i,3)+centroids(i,2);

vetoresfinais(i,3)=tabela(i,4)+centroids(i, 3);

quiver3(centroids(i,1),centroids(i,2),centroids(i,3),tabela(i,2), tabela(i, 3), tabela(i,4),5.0);



axis equal;

axis square;

%axis([0 1.501.501.5])
hold on;

view(3);

title(['Cartesian Mesh’])

end



