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Chapter 1

 The anterior cruciate ligament (ACL) is a vulnerable structure that is ruptured 
relatively easily. Reconstruction often is not successful. It is our hypothesis that this is 
caused by considering every patient as a mean patient. However, such a patient does 
not exist. Individual differences in geometry and tissue structures will influence the 
final reconstruction result, especially in ACL-reconstruction. Goal of the overall project 
is to develop a patient-specific knee model with which the orthopaedic surgeon can 
optimize the reconstruction process. This thesis describes the development of such  
a finite element (FE) computer model of the knee joint. Several FE knee joint models 
have been successfully developed for various applications, but these models are usually 
of a generic nature and not aimed for subject-specific analyses.  

 This general introduction starts by describing the general anatomy and 
biomechanics of the knee joint, followed by describing the specific biomechanics of 
the knee ligaments and knee capsule. In addition, the prospects and potential benefits 
of utilizing FE models are discussed and the relevance of subject specific modeling is 
discussed. These reflections lead to the main research questions that will be focused 
on in the following chapters of this thesis.

Anatomy of the knee joint
 The knee joint is the largest and most heavily loaded joint of the human body 
(Potočnik et al., 2008). In the knee joint, the bones, cartilage, menisci, joint capsule, 
ligaments, muscles, and tendons interact in a unique manner, providing both stability 
and mobility (Brantigan and Voshell, 1941; Heesterbeek, 2010). The knee is a semi-hinge 
joint that permits flexion and extension, and limited varus-valgus and internal-external 
rotations. Furthermore, some modest translations do occur of which the anterior-medial 
translation is the largest. The knee consists of four bones (Figure 1): the femur (the thigh 
bone), the tibia (the shin bone), the patella (the knee cap) and the fibula.

Figure 1. Anatomy of the knee, showing the distal femur and the proximal part of tibia 
Seif Medical Graphics © 2010, www. Aclsolutions.com/anatomy.php
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 The knee bone surfaces of the femur, tibia and patella are covered with a thin 
layer of articular cartilage which represents the weight bearing surface. The femur is 
the largest, longest and strongest bone in the knee. The proximal part of the femur 
forms a ball and socket joint with the pelvis, whereas the distal part has two condyles, 
the lateral and medial condyle. Four knee ligaments attach to this bone at the ‘origo’ 
attachment site. Furthermore, multiple muscle groups are connected to the femur. The 
second biggest bone in the knee is the tibia, also known as the shin bone. The tibia 
forms the connection from the knee to the ankle joint, and consists of a plateau and 
the tibial tubercle in the proximal part. Three knee ligaments attach proximally to this 
bone as an insertion location i.e. anterior cruciate ligament (ACL), posterior cruciate 
ligament (PCL) and medial collateral ligament (MCL).

 The third long bone in the knee is the fibula, which runs along the lateral side 
of the tibia from the knee to the ankle joint. The fibula and the lateral side of the 
femur are connected by another knee ligament, which is the lateral collateral ligament 
(LCL).  The fourth bone in the knee is the patella, which has a flat and triangular shape. 
Besides protecting the frontal part of the knee joint, the main function of the patella is 
to increase the lever arm of the Quadriceps femoris muscle complex (Kaufer, 1971).  

 The distal part of the femur and the proximal part of the tibia are covered with 
cartilage, providing a smooth layer for joint articulation. The cartilage layers provide 
damping of the joint contact forces, and play an important role in the lubrication of the 
joint (Mow et al., 1992; Kumar et al.,2001). Between the articular cartilages surface of 
the femur and the tibia, the medial and lateral meniscus are located, which act as shock 
absorbers and load distributors for the articular cartilage. Furthermore, the menisci 
have a stabilizing effect of the knee joint. Each meniscus is attached to the tibia through 
the horns. The position of the menisci within the joint is shown in Figure 2. 

Figure 2. Location of the ligaments, meniscus and articular cartilage of the knee joint 
  Seif Medical Graphics © 2010, www. Aclsolutions.com/anatomy.php
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 The joint structure of the knee can be divided into two parts i.e. the tibiofemoral 
joint and the patellofemoral joint. The knee joint capsule is an important structure in 
the knee, which seals the joint space, secretes synovial fluid, limits joint movement 
as a passive knee stabilizer and stabilizes the knee actively through its proprioceptive 
nerve endings (Ralphs and Benjamin, 1994). At the posterior part of the knee, there is 
a network of vessels and nerves, a capsule and synovium. The synovial fluids, meniscus 
and cartilage surfaces work together to create a nearly frictionless gliding surface in the 
tibiofemoral and patellofemoral joint. 

 To control the motion of the knee and to protect it from damage, the knee joint 
has several ligaments and muscles. There are four main ligaments in the knee joint 
(Figure 2) i.e. two ligaments on either side of the knee, called the lateral collateral 
ligament (LCL) and medial collateral ligament (MCL) and two other ligaments called 
anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) that are located 
in the center of the knee joint and are crossed. The two pairs of ligaments i.e. MCL-LCL 
and ACL-PCL have the function to stabilize the knee in the axial and anteroposterior 
direction, respectively. The ligaments are important during normal and sport activities, 
as well as to restrain knee motion in multiple degrees of freedom (Peña et al., 2006). 
The ligaments of the knee play a key role in transmitting the weight through the knee 
joint, so that the load will be centered within the joint to minimize the amount of wear 
and tear on the articular cartilage. 

 To stabilize and move the knee, in flexion and extension, there are two main muscle 
groups in the leg i.e. the hamstring muscles and quadriceps muscles (Figure 3). The 

Figure 3. Quadriceps and Hamstring muscles 
  Beeble’s Fitness Blog © 2006 - 2010; www. beebleblog.com 

main function of the hamstring muscles, consisting of three muscles (Semitendinosus, 
Semimembranosus and Biceps Femoris) is to flex the knee. These muscles run along 
the back part of the femur and attach to the fibula and tibia. 
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 Conversely, the quadriceps muscles, which consist of four muscles i.e. Rectus 
Femoris, Vastus Lateralis, Vastus Medialis and Vastus Intermedius occupy the front and 
side of the femur bones and have the main function to extend (straighten) the knee 
from a bended position. The quadriceps muscles attach to the proximal part of the 
tibia through the quadriceps tendon, and then inserts to the tibia through the patellar 
tendon. The force produced by the quadriceps not only leads to an extending moment 
in the knee, but also ensures, together with the patellar tendon (which is connected to 
the tibial bone) that the patella is kept in the trochlear groove of the femur. 

Knee biomechanics
 Although many studies have been performed in the past, the detailed mechanical 
behavior of the knee joint and the causes of knee injuries are not completely analyzed 
yet. This is partially due to unavoidable constraints in experimental studies and costs, 
difficulties associated with the obtaining accurate strain and stress measurements 
and particularly the difficulty to simulate certain natural, pathological or degenerative 
situations (Peña et al., 2006).

 To understand the interactive mechanical behavior of the knee and its structures 
is really complex.  The knee is one of the most frequently injured joints (Beynnon and 
Amis, 1998; Ryder et al, 1997), because it has to transfer body weight and is loaded by 
muscles forces, while generating a flexible movement at the same time (Heesterbeek, 
2010). One possibility for understanding ‘in vivo’ knee joint biomechanics is to utilize 
motion analysis systems. There are several measuring techniques to analyze knee 
motion, which can be classified into the following groups: 

1) Analysis of 2D radiographs, 
2) 3D stereophotogrammetry, 
3) Evaluating the movement of markers attached to the skin, 
4)  Evaluation of external markers invasively attached to the bone,
5)  Cadaveric dissection studies, 
6)  2D fluoroscopic motion measurement using bone models, and
7) Evaluation of 2D images from computed tomography (CT) and magnetic resonance 

imaging (MRI). 

 These systems have provided a tremendous amount of information about 
degeneration, prevention and treatment of disorders and injuries in the knee (Potočnik 
et al., 2008, Peña et al., 2006). The following paragraphs summarize what these studies 
have learned us: 
In terms of knee soft tissue structures, the collagen structures are the major components 
of the knee that provide stability by limiting movements and deformation (Hoffman 
and Grigg, 1984). From all knee soft tissue structures, the ligaments and joint capsule 
are the most frequently injured (Beynnon and Amis, 1998), especially during an abrupt 
and a fast change of movement. The knee ACL and PCL ligaments restrain anterior 
translation (Sanchez et al., 2006; Woo et al., 2006; Dargel et al., 2007) and posterior 
translation (Sanchez et al., 2006), respectively, of the tibia relative to the femur. 
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Furthermore, Grood et al. (Grood et al., 1981) found that both cruciate ligaments serve 
as secondary restraints during varus and valgus rotation. The ACL limits excessive valgus 
knee rotations (Woo et al., 2006; Markolf et al., 1995), whereas the PCL is considered to 
restrain varus rotation, especially at bigger knee flexion angles (>60 degrees) (Sanchez 
et al., 2006). Furthermore, the ACL has a restraining function in internal tibial rotation 
(Woo et al., 2006).

 Functionally, each cruciate ligament can be divided into two bundles. The ACL 
has an anteromedial and posterolateral bundle (Brantigan and Voshell, 1941; Girgis et 
al., 1975, Arnoczky, 1983). The anteromedial bundle is tighter when the knee is flexed 
especially in the higher knee flexion angle, whereas the posterolateral bundle is tighter 
when the knee is extended to the full extension position and flexed in the lower flexion 
angle (Arnoczky, 1983; Zanthop et al., 2006; Luites et al., 2011). The PCL consists of 
an anterolateral bundle which becomes tight during knee flexion and a posteromedial 
bundle, which is tensioned in knee extension and deep flexion (Girgis et al., 1975; Amis 
et al., 2006).

 In addition, both collateral ligaments also provide knee stability. The LCL has a 
primary function as the knee stabilizer during varus rotation loads especially in the 
range of 0 to 30 degrees flexion (Sanchez et al., 2006). This ligament also resists the 
external rotation of the tibia especially near the knee extension position (Sanchez et 
al., 2006) as well as to restraint abnormal motion (Otake et al., 2007). The MCL has 
a function as the primary restraint to valgus rotation in the intact knee, especially at 
knee flexion angles higher than 25 degrees (Grood et al., 1981; Feeley et al., 2009) and 
dominantly at knee flexion angles between 30 and 90 degrees (Robinson et al., 2006). 
With increasing knee flexion, the posteromedial aspect of the knee capsule becomes 
relaxed, which results in a decreasing contribution of knee capsule and an increasing 
role of MCL in controlling a valgus rotation (Grood et al., 1981; Azar, 2006; Borden 
et al., 2002). The secondary function of the MCL is to serve as a stabilizer against an 
excessive internal rotation at knee flexion position (Robinson et al., 2006).

 Based on the study presented by Brantigan and Voshell (Brantigan and Voshell, 
1941), it can be deduced that the knee capsule is involved in controlling the lateral 
and rotary motion of the knee joint both in flexion and extension. The functions of 
the collateral and cruciate ligaments and the capsule are very closely interrelated in 
optimizing the stability of the knee joint (Brantigan and Voshell, 1941).  Each part of 
the knee capsule has its own contribution to the stability of the knee. Robinson et 
al. showed that the posterior medial capsule is tensioned during a combination of 
knee extension, posterior drawer and internal rotation. The postero medial capsule 
restraints the tibial valgus rotation together with the superficial MCL (sMCL) during full 
extension, and resists tibial posterior translation during tibial internal rotation relative 
to the femur (Robinson et al., 2006). This part of the capsule contributes furthermore 
to knee stabilization especially to prevent joint opening in hyper extension position. 
Other parts, such as the anterior and middle portions of the medial and lateral parts, 
provide only a secondary passive restraint to limit medial and lateral joint opening 
(Brantigan and Voshell, 1941; Grood et al., 1981).
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Numerical models of the knee
 A possibility to study knee joint behavior is the use of numerical models. This 
method assists during the design phase of orthopaedic implants, and can provide 
clinical predictions (Potočnik et al., 2008). Cohen and colleagues (Cohen et al., 2003), for 
example, simulated tibial tuberosity transfer surgery using a patient-specific multibody, 
quasi-static patellofemoral joint model. Shelburne and associates (Shelburne et al., 
2004) developed a 3D dynamic musculoskeletal model to predict ACL forces during 
normal walking. Halloran and colleagues (Halloran et al., 2005) have used explicit 
dynamic finite element analyses to study effects related to total knee replacement 
(TKR). Pena (Peña et al., 2005) used a three dimensional finite element model of a 
human knee joint to investigate the effects of ACL graft stiffness and graft tensioning 
on the knee joint biomechanics. The same group (Peña et al., 2006) utilized a three 
dimensional finite element modeling approach to examine the effect of the tunnel 
angle in the coronal plane when performing ACL reconstructive surgery. The combined 
role of menisci and ligaments in load transmission and stability of the human knee 
using a three-dimensional finite element analysis during dynamic loading conditions 
was also analyzed by Pena and colleagues (Peña et al., 2006).  

 The work of Peña and colleagues (Peña et al., 2006) nicely demonstrates that 
finite element models can be effectively used for studying knee joint biomechanics 
and assess effects of changes in parametric values, which can hardly be obtained with 
experiments. Their studies also illustrate that an appropriate geometrical reconstruction, 
accurate mathematical descriptions of the behavior of the biological tissues, and the 
location of knee soft tissues attachment site locations, are of key importance to have 
a reliable model. These models are usually based on a 3D reconstruction of the knee 
joint based on imaging data (e.g. MRI or CT). To supplement the models, additional 
data are needed such as material properties (Potočnik et al., 2008) and knee ligament 
attachment site locations. The quality of the predictions made by those models is 
largely dependent on the quality of the input data (e.g. loads/displacement) used 
to drive those (Beillas et al., 2004). Finite element models are usually evaluated or 
cross-validated against experimental data from kinematic measuring systems or, more 
recently, from ‘in vivo’ kinematic data (e.g. Beillas et al., 2004). Attempt for real-time 
model simulations is reported by Jan et al. (Jan et al., 2002). Their method collects 
and registers joint morphology and joint kinematics data of a specific specimen which 
were obtained using medical imaging (CT images) and a custom-made goniometer. By 
performing this method, it is possible to visualize the 3D results through an interactive 
computer graphics program, rather than a simulation of it (Potočnik et al., 2008).

Anterior cruciate ligament rupture
 In this research we focus on the ACL structure. Of all knee ligaments, the ACL is 
the most frequently disrupted (Peña, et al., 2006). The most common ACL injuries result 
from sports activities. Furthermore, female athletes have three times more chance 
of having ACL problems than men (http://www.kneeanatomy.net,18 March 2010). 
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Most of the associated disabling injuries also occur in young athletes, inducing a clear 
predisposition to subsequent degenerative changes of the tibio-femoral joint (Peña, 
et al., 2006). The longer term degenerative effects are due to the loss of the primary 
function of the ACL (Williams et al., 1996). This means that when the ACL is injured, 
the tibia can slide forward on the femur, causing uncontrollable knee movement and 
subsequent cartilage degeneration. Figure 4 depicts the torn ACL. 

 After an ACL injury, the knee area is often swollen and painful. In some cases an 
audible ‘pop’ can be heard at the event of injury. Most ACL injuries are non-contact-
injuries, when in slight flexion a valgus-external rotation or valgus-internal rotation of 
the tibia relative to the femur happens. This generally happens when a person lands 
from a jump with the knee in valgus, such as soccer, handball or basket ball, or falling 
while skiing. The injury is caused by excessive rotation when one foot (or ski) is firmly 
planted on the ground while the rest of the body rotates in one direction or changes 
direction quickly. Apart from sports injuries, ACL tears can also occur during trauma to 
the knee in situations such as motor vehicle accidents.

 After ACL injury, knee joint stability and load-bearing patterns between the contact 
joint surfaces change. The alterations will affect the normal load of the cartilage during 
functional activities (Gao and Zheng, 2009). This change in biomechanical environment 
has been associated with cartilage degeneration and progressive development of knee 
joint osteoarthritis (Andriacchi et al., 2006). For untreated ACL-deficient (ACL-D) knees, 
the risk of knee osteoarthritis development has been reported as high as 44% after 11 
years (Noyes et al., 1983), and some reports that over 50% of cases have lead to a total 
knee arthroplasty before the age of 63 (Nebelung and Wuschech, 2005). 

 Surgical reconstruction of the ACL is a common treatment to solve the disability 
or chronic instability of knees (Beynnon et al., 2002). During the past decade, ACL 
reconstruction has been extensively investigated and applied to patients. The goal of 
ACL reconstruction is to restore the knee joint stability and make it possible to return 
to a previous level of functioning, while preventing secondary injuries to knee cartilage 

Figure 4. Torn ACL condition (left). Increased anterior displacement of the tibia caused by an ACL 
rupture (right). Seif Medical Graphics © 2010, www. Aclsolutions.com/theacl_1.php
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and meniscus. As there is no evidence on the prevention of later degeneration of the 
knee (Martins et al., 2008; Gao and Zheng, 2009). During ACL reconstructive surgery the 
torn ligament is removed and replaced by a graft. Currently, most ACL reconstructions 
are performed with auto graft bone–patellar tendon–bone (BPTB) or hamstrings, or 
allograft tissue. ACL reconstruction techniques involve drilling a tunnel through the 
bone in the femur and the tibia for placing the new graft in the appropriate location. 
After the new graft is passed through the tunnels, it is then pre-stressed and fixed in 
place by special screws at both sides.  

 Previous studies have focused on the clinical success of ACL reconstruction 
techniques. For example, Vergis and Gillquist (Vergis and Gillquist, 1995) mentioned 
that the long-term success rates vary from 75% to 90% in terms of functional stability 
and relief of symptoms with return to activity. There are still unsatisfactory results after 
performing ACL reconstruction for some patients that still have continued pain, loss 
of motion secondary to the operative intervention, and, in some cases, continued or 
recurrent instability. These disabilities might be due to an insufficient graft resulting in 
abnormal anterior translation with recurrent instability, caused by a number of factors. 
These include (1) pre-operatively: the status of the knee in terms of ligament stability 
and the state of menisci and articular cartilage, (2) intra-operatively: improper tunnel 
placements, improper tensioning, inadequate fixation, and faulty selection or harvest of 
the graft, and (3) post-operatively: failure resulting from improper graft incorporation, 
improper rehabilitation or trauma.

 Although numerous studies were performed on ACL reconstruction, there is yet 
to be a consensus among surgeons on standard operation, for example on the “best” 
graft choice and the “optimal” fixation device (Beasley et al., 2005). The other factors 
that can be influenced by the surgeon for successful of ACL reconstruction are the 
location of the graft insertions in the femur and tibia and the length of the graft. Our 
hypothesis is that the reason why sometimes ACL reconstructions fail is the fact that 
reconstructions are performed in a highly standardized manner; this means for every 
patient in an identical manner. However, since the average patient does not exist, this 
solution may not be optimal for the individual patient. 

Study goal and thesis outline
 The hypothesis of this thesis is that the results of ACL reconstructions can be 
optimized by personalizing the surgical intervention. Using finite element modeling it is 
possible to analyze the optimal surgical parameters, thereby assisting the orthopaedic 
surgeon on individualizing the ACL reconstruction. This may help determining the 
optimal location of the graft insertion sites in the femur and tibia, as well as finding 
the optimal length and pre-stress of the graft.

 The first issue addressed in this thesis was how to develop an appropriate subject-
specific 3D knee joint model from CT and MRI images. In Chapter 2, we evaluate the 
work flow to model the knee joint. In this process the balance between the invested 
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time and the resulting quality of the geometrical representation was investigated. 
Furthermore, the volumetric differences between models based on either CT or MRI 
data are presented.

 In Chapter 3, the accuracy with which ligament attachment sites can be 
determined from MRI scans is evaluated. These locations are essential to achieve an 
accurate biomechanical behavior of the human knee joint when placing a new ACL 
graft (Arnoczky, 1983). The accuracy of identifying the knee ligament attachment sites 
is studied by evaluating the intra- and inter-observer differences occurring during the 
identification of the insertion and origo of knee ligaments on MRI scan images. These 
differences were also compared against physical measurements on the same cadaveric 
subject.

 Appropriate material properties of the soft tissues surrounding the knee joint are 
essential factors to have a reliable finite element model. One of the knee structures 
that has not been studied extensively is the knee joint capsule. The knee joint capsule, 
however, provides stability to the joint by limiting joint movement (Ralphs and Benjamin, 
1994). Specifically in full extension, the posterior capsule has a significant contribution 
to the stability of the knee joint. To include the posterior part of the knee capsule in 
FEA models, its mechanical properties were assessed in Chapter 4.

 In Chapter 5 the loads acting on the ACL were investigated. In an experimental 
set-up, stress-strain curves were assessed at different flexion angles. In this way the 
mechanical behavior and the slack length of the ACL could be assessed at the different 
flexion angles. This information can be further used to tune the ACL tension and validate 
finite element models of the knee. 

 We discuss the general methods and results which have been obtained in the 
current study in Chapter 6.  Furthermore, all studies that have done in our study are 
summarized in Chapter 7.   
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