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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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Abstract
 Three dimensional subject-specific finite element (FE) models of the knee joint can 
be developed to optimize the outcome of ACL reconstructions. By using FE modelling 
techniques, parameters such as the optimal location and length of the new graft 
can be studied before surgery in order to achieve a successful patient-specific ACL-
reconstruction. One important aspect in this procedure is to have an appropriate 3D 
knee model. The goal of the current study was to develop 3D knee models from CT and 
MRI scan images. By using reconstructed models, we compared the CT-based and MRI-
based 3D knee bone models to evaluate the quality of the geometrical representation. 
Furthermore, we evaluated the volumes of bony and soft-tissue segments to assess 
whether knee models could be generated by rather simple volumetric scaling methods. 

 By using five right knees from five cadavers, we successfully reconstructed the bony 
segments based on the CT images. We furthermore reconstructed the bony segments 
and knee ligaments based on the MRI data. We succeeded to register CT based knee 
bone models to MRI based knee models using the bone structures (maximum error of 
1.02 mm for long bones and 2.05 mm for patella bone) for developing a combined knee 
joint model. We found that the volume of the MRI bone structures was comparable to 
the CT bone structures with a maximum volume difference of 6.64% for long bones. We 
could not find a good scalable (volume) factor for all structures amongst the different 
cadaver knee models, particularly for the soft tissue geometries.

 These results indicate that 3D FE model of the knee for ACL reconstruction 
simulation can be developed by only using MRI scan images. However, further 
improvements are required in order to speed up the reconstruction process, due to 
the uniqueness of the knee structures from one patient to the other. 

Key words: 

Anterior cruciate ligament, geometrical model, knee joint, patient-specific. 
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1. Introduction
 Of all knee ligaments, the anterior cruciate ligament (ACL) is the most frequently 
disrupted (Peña, et al., 2006) as a result of extreme pivoting and other abrupt changes 
in direction during sports activities. An untreated ACL-deficiency can provoke cartilage 
degeneration, leading to osteoarthritis and finally a total knee arthroplasty (Gao and 
Zheng, 2009; Andriacchi et al., 2006; Noyes et al., 1983; Nebelung and Wuschech, 2005). 
ACL-reconstruction is a common procedure to treat the disability or chronical instability 
of knees due to ACL injuries (Beynnon et al., 2002). It strives to return the patient to 
a previous level of functioning while preventing later degeneration of the knee (Cesar 
et al., 2008; Gao and Zheng, 2009). However, in several cases the reconstruction is not 
optimal, leading to cartilage damage. Our hypothesis is that this is due to the fact that 
the reconstruction is performed for the average patient, whereas the average patient 
does not exist and the biomechanical condition of a knee will be highly sensitive to 
even only small changes of a reconstructed ACL. 

 To solve this problem, we aim to develop a three-dimensional (3D) patient-specific 
finite element (FE) model of the knee joint. FE models have proven to be able to provide 
deep insights into the influence of mechanical properties of biological tissues on the 
performance of structures (Peña, et al., 2006). Through this model, it becomes possible 
to explore the important factors affecting successful ACL reconstructions, especially for 
determining the optimal location of the graft on femur and tibia, as well as the optimal 
length of the graft. 

 It is important to note that the reliability of these models strongly depends on 
an appropriate geometrical reconstruction and on accurate mathematical descriptions 
of the behavior of the biological tissues, such as ligaments, tendons and menisci and 
their interactions with the surrounding environment. An appropriately developed FE 
model is a powerful tool to predict the effects of parametric variations, and to provide 
information that is otherwise difficult to obtain from experiments (Peña, et al., 2006). 
To perform some passive knee movements using an FE subject-specific knee joint 
simulation, we need a 3D knee geometrical model of an intact knee including bones 
and soft tissues and material properties for each knee element.

 These models are usually based on a 3D reconstruction of the knee joint from 
imaging data such as magnetic resonance imaging (MRI) and computerized tomography 
(CT). Some previous studies have used a set of CT scan images and MRI scan images 
to develop a geometrical model of the knee soft tissue elements and knee bones, 
respectively (Donahue et al., 2003, Peña et al., 2006, Suggs et al., 2003, Li et al., 1999, 
Potočnik et al., 2008). Some groups also reconstructed the geometrical model of the 
knee bones from the MRI scan images (Suggs et al., 2003, Li et al, 1999, Rathnayaka et 
al., 2012). MRI is safer for knee patients, because of the absence of ionizing radiation 
which is present with CT. However, CT is currently the gold standard for scanning of 
bones to develop 3D models with a high geometric accuracy (Rathnayaka et al., 2012). 
It furthermore has a shorter time of scanning, and it offers the ability to determine the 
bone density, which can be used to assign bone material properties to the FE model. 
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 Therefore, in this study, we developed a subject-specific 3D knee model from a 
cadaveric specimen using CT images to develop 3D geometrical bone models and MRI 
images to develop 3D bones and soft tissue models. Besides to develop the geometrical 
knee model, the other goal of this study was to compare the reconstruction process of 
a subject specific 3D knee bone model between CT scan images and MRI scan images 
as well as to evaluate the scalable factor amongst the similar knee bones and soft tissue 
volumes from different cadaver knees based on MRI scan images. 

2. Materials and methods
 To develop the 3D geometrical model, this study utilized five right knees from five 
cadavers, which had an average age of 76 years (3 males, 2 females; range: 66-86 years). 

2.1. MRI and CT scanning protocol
 The legs were scanned using a Siemens 3 Tesla MRI scanner (Siemens, Trim Trio, 
Erlangen, Germany). We used an extremity knee coil to improve the contrast of all soft 
tissue elements in the digital images. The cadaver knee was scanned in the sagittal 
plane (Figure 1 (left)) resulting in 240 MRI image slices. The images were acquired 
using a clinical sequence according to the following parameters: spin echo (SE) scanning 
sequence with repetition time (TR) of 1200 ms, echo time (TE) of 29 ms, field of view 
(FoV) of 224 mm x 224 mm, matrix size of 448 x 448, pixel size of 0.5 mm x 0.5 mm 
and slice thickness of 0.5 mm.

 Subsequently, the legs were scanned in the transversal plane (Figure 1 (right)) 
using a Siemens CT scanner (Siemens, Sensation 16, Erlangen, Germany) with scanning 
parameters as follows: 120 kVP, 330 mAs, matrix size of 512x512 and pixel size of 0.488 
mm x 0.488 mm. The CT scans were made from the femoral head to the distal part of 
tibia. Due to an intermediate update of the software on the CT scan machine in the 
Radiological Department, we minimized the noise on the images by adjusting a slice 
thickness of the images scanning. The slice thickness values were 0.75 mm for one 
cadaver, 0.6 mm for two cadavers and 1 mm for two cadavers. The mean total slices 
of the CT scan images were 2243 slices (2243 ± 565 slices, range: 1858 – 3227 slices). 

Figure 1. Sagittal view of an MRI scan of the knee joint in full extension (left) and a CT scan 
showing the femur and patella  in the transversal plane (right).
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The FoV of the images was not also the same, because of the different size of the legs. 
The mean FoV was 32.9 cm (range: 23.5 – 50 cm). During CT scanning, a calibration 
phantom was placed under the leg in order to enable future calculation of the bone 
mineral density (not used in this study).

 All MRI and CT images were using in house developed software (DCM toolkit 
(dcmtk) software version 11.2, ORL St Radboud, Nijmegen, The Netherlands). The DICOM 
files were then imported in Mimics®14.0 software (Materialise, Leuven, Belgium). 

2.2. Reconstruction of MRI-based and CT-based knee models
 The reconstruction procedure of the 3D knee models included the image 
segmentation and the 3D surface mesh model construction. Development of 3D knee 
surface models which consisting of four bone elements and soft tissues elements were 
performed using Mimics software. CT scans of one cadaver knee  was used to reconstruct 
bone elements and MRI scans of five cadaver knees were used to reconstruct bone and 
soft tissue elements.

MRI-based knee models

 After importing the images, the program created the MRI project file and presented 
the images on three different planes as shown in Figure 2. 

Figure 2. The three different planes of the MRI images as displayed in the Mimics software.

 Each part of the knee including bones and soft tissues was identified visually. We 
created two different main masks to define the bone and the soft tissue without using 
a thresholding method. The method was not working optimally for all MRI scan images. 
This was due to a different MRI Hounsfield unit (HU) scale of each cadaver. 
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 The next process was to separate each element from the bone mask as well as 
the soft tissue mask. The region growing tool was used to separate the thirteen knee 
elements by creating a separate mask for each element. We generated four different 
bone masks for tibia, femur, patella and fibula and nine different soft tissue masks 
including anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), lateral 
collateral ligament (LCL), medial collateral ligament (MCL), tibial articular cartilage, 
femoral articular cartilage, patellar articular cartilage, lateral meniscus and medial 
meniscus. Figure 3 shows the different masks for both bone elements and soft tissue 
elements of the knee model in the sagittal view. In each different region, we improved 
the quality of the masks by manual editing to add or to remove some pixels as well as 
to refine the edges for each slice to get the smoothest the 3D knee model. 

Figure 3. Example of the different mask regions in the knee model. In the left image, the femur (green), 
patella (pink), tibia (blue) and fibula (yellow) have been segmented, while in the right image the 
patellar (magenta) and femoral (green) cartilage, and the anterior (purple) and posterior (pink) 
cruciate ligaments have been segmented.

 Based on the best generated region masks, we stored each mask to create the 3D 
mesh surface model of the bone elements and soft tissue elements with a default medium 
quality setting. The mesh surface models were smoothed using the following parameters: 
smooth factor of 1 (range smooth factor from 0 until 1), 50 iterations, using shrinkage 
compensation. We performed the same procedures to reconstruct 3D models based on the 
MRI images. Figure 4 shows the 3D geometrical models from five different cadaver knees. 

 All elements were then exported as STL files for further processing. To evaluate 
the scalable parameter among the similar knee bones and soft tissues from different 
knees based on MRI scan images, the volume values were collected. The volume was 
calculated automatically by the program. The scalable parameter was calculated by 
comparing the volume for each knee element relative to the volume of the first knee 
soft tissue model (66 years old cadaver knee). As the CT scans covered a larger range of 
the legs than the MRI scans, the length of the CT-based bone models was edited first to 
have the same length for the CT-based and MRI-based models. The length adjustments 
were processed using Mimics program.
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Figure 4. Five MRI-based 3D knee models, consisting of 4 bone elements and 9 soft tissue elements, 
shown in four different views (anterior, posterior, lateral and medial).

Model Anterior Posterior Lateral Medial

C496R
66 yrs;

Male; Right

C545R
72 yrs;

Male; Right

C555R
80 yrs;

Male; Right

C580B
86 yrs;

Female; Right

C590B
78 yrs;

Female; Right
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CT-based knee models

 The reconstruction of the knee bones models which were from the CT scan images were 
performed only for one cadaver (right leg; male; 66 years old). The procedure to create the 3D 
knee bones model from the CT scan images was the same as described with the MRI scan. 
Because of the big quantity of dicom files of the CT scan images, however, the files were divided 
into two different project files of the CT scan images to overcome the low speed computer 
processing. The CT scan images in the first project file consisted of the femur and patella  
(Figure 5(a)), and in the second project file consisted of the tibia and  fibula (Figure 5(b)). 

Figure 5. CT scan images of the (a) femur and patella part and (b) the tibia and fibula.

(a)

(b)
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 To get the bone elements mask, we also utilized the thresholding method for CT bone 
elements. The HU scale range of the default CT bone thresholding was between 226 and 3071. 
We generated four different color masks for femoral bone, patella bone, tibial bone and fibula 
bone as shown in the Figure 6(a) and 6(b) by using the region growing tool. 

Figure 6. Segmentation of (a) the femur (green) and patella (yellow) and (b) the tibia (blue) and 
fibula (red).

(a)

(b)
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 The masks quality of each bone element was also improved by manual editing of the 
masks. We also calculated each STL representation with the default medium quality setting 
to create four different 3D surface models of the bones (Figure 7). The same procedure and 
settings as described for the MRI segmentation were used to smooth the mesh models. 

 All knee bone models after smoothing were imported as STL files.  Figure 8 shows all knee 
bones in the same coordinate system. 

Figure 7. The CT-based 3D surface mesh of the femur and patella (left) and the 
tibia and fibula (right) before smoothing.

Figure 8. Triangular surface mesh (STL) of the knee after smoothing.
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2.3. Registration of MRI-based and CT-based knee models
 The reconstructed MRI-based and CT-based 3D knee models on STL format were loaded 
into the MRI project file in the Mimics program as shown in the Figure 9. Due to a different 
coordinate system between the MRI-based and CT-based knee models, we registered the  
CT-based knee bone models to the MRI-based models by using bones surface-based registration 
method available in Mimics. By plotting the CT-based model into the MRI based model 
coordinate system, we developed a new 3D model which was combining the bone structures 
of the CT-based model and the soft tissues structures of the MRI-based model. Furthermore, 
we could calculate a local anatomical coordinate system for the MRI-based model based on the 
anatomy of the knee bones from the CT-based model. 

MRI based model     CT based model

Figure 9. The reconstructed MRI-based and CT-based 3D knee models before registration.

 The surface based registration was completed one by one for each bone based on the MRI-
based and CT-based surfaces, using the STL-registration function in the Mimics program. Due to 
the limitation of the registration function, before executing the surface based registration, the 
CT-bones model position was translated to a position relatively close to the MRI-based model 
(Figure 10 (a)). The registration was then performed by setting the registration function into 
a global registration with a minimal point distance filter of 0 mm. The program automatically 
created the matrix transformation coordinate system for each bone registration procedure.  



Chapter 2

30

(a) (b)
Figure 10. The MRI-based and CT-based knee models: (a) translated position of the CT-based model 

before registration; (b) CT-based model registered on the MRI-based model.

Figure 11. The four planes of view of the new 3D knee model, combining the bone models from the CT 
scans and the soft tissue models based on the MRI scans. 

To assess the accuracy of the registration procedure each bone model registration, we collected 
the residual error (least square distance) value which was provided by the program. The 
registered CT-based models relative to MRI-based model are shown in the Figure 10 (b). 

Lateral Medial Posterior Anterior
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 The new 3D knee geometrical model, combining all elements including CT-based bones 
elements and MRI-based soft tissues elements, is shown in Figure 11. This new model was used 
to develop a detailed anatomical model of the knee in The Anybody Modelling System (Dijkstra 
et al., 2012).

 To assess the quality of the reconstruction process of bone structures in the same subject 
(cadaver C496R) from MRI and CT scan images, we compared the volume of the bone models, 
including femur, tibia, fibula and patella bones. Before calculating the geometrical differences, 
the bones of the MRI based CT based models were edited in Mimics to obtain the same length 
Figure 12 shows the edited bone structures of the CT based and MRI based bone models.  
We calculated the normalized volume differences of the CT bone structures relative to the MRI 
bone structures. 

Figure 12. The registered CT-based bone model (blue) relative to the MRI-based bone model (red).
Anterior Posterior Lateral Medial Proximal & Distal

3.  Results
 The 3D knee geometrical models of five different cadaver knee were developed successfully 
from MRI and CT scan images as shown in the Figure 4 and Figure 8, respectively, as well as one 
knee model of cadaver C496R which combining the soft tissue models from MRI scan image 
and bone models from CT scan image (Figure 11). We only failed to develop the structure of the 
patellar cartilage from cadaver C580B as the image quality was very poor in this region. 

 The volumes of all elements of the MRI based knee models are listed in Table 1. The 
comparison of the element volumes of the four knee models relative to the first knee model 
(C496R) is plotted in Figure 13 (a-c). The volume comparison was divided into three categories 
i.e. bones, ligaments, and meniscus and articular cartilage.  From these three categories (Table 
1), in average, we found that model C555R had the biggest structures. 

 In general, the knees were not scalable in volume. However, for the bone structures, we 
found a better agreement of scalable volume than for the soft tissues structures. The maximum 
volume ratio of the bone structures was 11.9% for model C555R (Table 1). For the soft tissue 
structures, the average range variation of volume ratio ranged from 30.3% to 73.2% for the 
ligaments and from 23.6% to 59.9% for the cartilage and menisci. The standard deviations were 
quite high indicating that these volumes were not scalable. 
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Table 1.  The volume of the knee joint components of the five models, and the volumes of each knee 
element relative to knee model C496R.

Figure 13. Comparison of the volumes of the bones (a), ligaments (b), cartilages and meniscus (c) relative 
to the reference cadaver (C496R: male, 66 years).
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 The registration error of the femoral bone, tibial bone, fibula bone and patella bone were 
1.02 mm, 0.91 mm, 0.44 mm and 2.05 mm, respectively. The relative geometrical differences of 
the CT based model relative to the MRI based model are shown in Table 2. The volume of the 

Volume [mm3]  Ratio Volume relative to C496R volume [%]
Knee elements C496R C545R C555R C580B C590B C496R C545R C555R C580B C590B
Femura 201063.5 233736.6 255302.8 183000.8 153467.9 100.0 116.3 127.0 91.0 76.3
Tibia 167843.9 175943.4 203236.2 137918.1 105792.2 100.0 104.8 121.1 82.2 63.0
Fibulla 16026.4 16799.1 17496.8 16587.9 10450.2 100.0 104.8 109.2 103.5 65.2
Patella 20797.0 23198.4 20917.9 18616.1 10285.5 100.0 111.5 100.6 89.5 49.5

Mean 109.4 114.5 91.6 63.5
SD 5.6 11.8 8.9 11.0

ACL 1197.1 1491.1 2497.5 1952.2 2614.4 100.0 124.6 208.6 163.1 218.4
PCL 2661.4 4087.8 4377.7 4989.5 2835.8 100.0 153.6 164.5 187.5 106.6
LCL 2274.1 1987.1 1997.4 1288.0 946.6 100.0 87.4 87.8 56.6 41.6
MCL 2542.3 2407.5 6305.5 2037.7 3357.8 100.0 94.7 248.0 80.2 132.1

Mean 115.1 177.2 121.8 124.7
SD 30.3 68.7 63.2 73.2

Cartilage Patella 9691.5 5262.2 6522.4 2400.2 100.0 54.3 67.3 0.0 24.8
Cartilage Tibia 7283.7 4214.6 9408.0 6723.8 2047.7 100.0 57.9 129.2 92.3 28.1
Cartilage Femura 19298.1 13039.7 22081.6 16224.6 7131.3 100.0 67.6 114.4 84.1 37.0
Meniscus-Lateral 2821.5 3183.5 6154.7 4773.4 2860.9 100.0 112.8 218.1 169.2 101.4
Meniscus-Medial 3910.9 3099.6 6072.2 3430.1 2739.8 100.0 79.3 155.3 87.7 70.1

Mean 74.4 136.9 86.7 52.3
SD 23.6 55.6 59.9 32.8
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CT based models were bigger than the MRI based model with an average difference of 12.5% 
(SD= 15.4%). The smallest different volume was the fibula bone of 2.1% and the biggest different 
volume model was the patella bone of 35.4%. The numbers of triangles and points were similar. 
From four bones, we found that the numbers of the triangles and points of the CT based tibial 
bone were smaller than the MRI based tibial bone. 

4.  Discussion
 The development of a subject specific 3D FE model of the knee joint can offer a solution 
to optimize the ACL reconstruction results. Using such a model, the knee mechanics and 
kinematics can be optimized prior to surgery, providing a surgical plan for the placement of the 
ACL graft. The geometrical model is an important aspect to enable the generation of a reliable 
FE simulation. Therefore, we saw the need to describe some parameters which are important 
to consider during model development. Many parameters influenced the development of the 
model. In the current study we described the comparison of the model reconstruction process 
between CT-based and MRI-based bone models as well as the quantification of the scalable 
factor amongst the volumes of the various knee soft tissues from the different knees.

 In general, the volumes of the three large bones (tibia, femur and fibula) based on the CT 
data were comparable to the MRI-based models with the maximum volume difference being 
6.6%. The result showed that the bone segmentation from MRI images was relatively good. We 
also succeeded to develop a new knee subject specific model (Figure 11) of cadaver C496R by 
combining the two different images modalities i.e. MRI based soft tissue models and CT based 
bone models. Relative to minimum slice thickness image scan of 0.5 mm for MRI images and 0.6 
mm for CT images, we considered that the maximum error of 1.02 mm during the registration 
process for the three long bones (tibia, femur and fibula) was still acceptable. 

 In our current study, we still used CT scan and MRI scan to develop the knee geometrical 
model. By using CT scan images with an intact leg, some possibilities to develop a more accurate 
3D knee geometrical model can be realized. The possibilities are to calculate bone material 
properties based on gray scale value combined with a bone phantom calibration (Keyak and 
Falkinstein, 2003) as well as to quantify a knee joint coordinate system which includes the 
femoral head (proximal part of the femur) and the malleolus (distal part of the tibia) (Grood and 
Suntay, 1983; Wu et al., 2002). Hence, for some applications it can be useful to combine the two 
scanning modalities, but this will depend on the application of the models and on the ethical 

Table 2.  The volume, number of triangles and points of all knee elements between the MRI-based and 
CT-based 3D knee models.

MRI-(Red) CT-(Blue) Relative Difference [%]
Knee elements Volume [mm3] Triangles Points Volume [mm3] Triangles Points Volume [mm3] Triangles Points
Femura 207233.5 54610.0 27307.0 219522.9 64432.0 32218.0 5.9 18.0 18.0
Tibia 168800.6 59550.0 29779.0 180007.4 57208.0 28606.0 6.6 -3.9 -3.9
Fibulla 15976.7 12410.0 6207.0 16318.7 13250.0 6627.0 2.1 6.8 6.8
Patella 18496.1 13340.0 6672.0 25037.1 29326.0 14663.0 35.4 119.8 119.8

Mean 12.5 35.2 35.1
SD 15.4 57.2 57.1
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issues related to the double scanning procedure. Although CT scans require a shorter scanning 
time than MRI, the scanning involves exposure to radiation. Furthermore, by using two types 
of images, extra time is required, costs (financial) are higher as well as extra data processing 
including segmentation and registration process.

 We believe that, relative to CT, using MRI scans is more effective for ACL research because 
we can adequately reconstruct the bony segments (Rathnayaka et al., 2012) and the soft tissues 
(ligaments, cartilages and meniscus). Furthermore, MRI is none-invasive and therefore safer 
than CT.  Obviously, MRI does not allow for representation of the bone material properties in 
the different bony segments and therefore will have to be simulated as rigid body structures 
as researchers have done in the past (Besier et al, 2005; Zhixiu Hao et al., 2007; Netravali et 
al., 2011; Donahue et al., 2003; Potocnik et al., 2008). In clinical practice, MRI is a common 
diagnostic tool and adviced to perform before undertaking an arthroscopic procedure.

 Most of the MRI images do not represent a full bone of femur, tibia and fibula. This makes 
it difficult to define the anatomical-based coordinate systems. However, it is still possible to 
define the anatomical coordinate system of such short images by applying the method which is 
recommended by Miranda and colleagues, who determined an anatomical coordinate system 
for 3D bone models of isolated human knees (Miranda et al., 2010).

 In the present study defining the anatomical structures in detail to develop the 3-D knee 
models was a very time consuming process. The difficulties were not only defining the soft 
tissues, but also the attachment sites of ligaments and the boundaries of some bony parts were 
also difficult to detect. In bony parts, it was difficult to determine the cortex region of the bone 
and separate that from the cartilage layer. This possibly was also one of factors which influenced 
the big difference of volume of the patella bone (35.4%) between CT and MRI, as well as the 
bigger volume of the CT based bone models. The thresholding method during the reconstruction 
process was very difficult to handle as it was trial-and-error to find an appropriate setting for 
covering most of bone surfaces in the MRI images. On the other hand, by this method the 
segmenting of the bony surfaces by CT imaging was fast. The fact that performing the manual 
segmentations was not always easy is related to the quality of scan images, a lack of anatomical 
knowledge, segmentation skills (Lee et al., 2008) and the cadaver condition. 

 An obvious limitation in this study was the use of relatively old knee donors (average 76 
years old), whereas ACL-patients are typically quite young. Younger donors were not available. 
We used the clinical MRI scanning protocol which is applied for living knee patients. There 
are obviously other MRI-protocols (with much longer scanning time) which can be used for 
cadaver materials and which would probably give a better quality image of the knee structures. 
As suggested by the Moro-oka study (Moro-oka et al., 2006), MRI images can be improved to 
identify both bone and soft tissue structures by using different types of MRI sequences. Lower 
magnetic fields (0.3 T) will give a good resolution for bone segmentation, whereas higher 
magnetic fields increase signal intensity for better soft tissue resolution. The downside of this 
approach is obviously the increase in scanning capacity, time and costs. In any case, we chose 
for a rather simple, clinically used MRI protocol because the goal of the study is  to apply our 
techniques to living patients and we do not want to deviate too much from current clinical 
practice.
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 To reduce the segmentation time for individual knees, we also evaluated the scalability of 
knee geometries in this study. We found that there were no scalable factors of the geometrical 
model. The volumes of each of the knee structures varied amongst the models, especially for 
the soft tissue structures. These differences were not only caused by the fact that every knee is 
unique (and not simply scalable), but we also realize that the method to evaluate the scalable 
factor which is only based on volume may not have been accurate and strong enough. The 
measured volume of the knee structures was very sensitive to adding and removing some 
pixels during segmentation. This change was even larger in the soft tissue structures which have 
smaller total volumes than bone structures. For example when segmenting one extra slice in the 
sagittal view of the LCL and MCL, this will give a large change in the thickness of these structures 
and this will considerably influence the total volume of the structures. This effect is less in larger 
volume structures such as bone. This explains that we found better volume ratios for long bone 
structures such as tibia, femur and fibula. To speed up the segmentation process, perhaps  
a semi or integrated automated segmentation of the soft tissues such as segmentation of bone 
cartilages and patella bone (Baldwin et al., 2010) and lateral meniscus could be developed.
(Swanson et al., 2010).

5.  Conclusions
 By developing a subject-specific 3D knee geometrical model, this study aimed to compare 
the bone model reconstruction quality between CT and MRI scan images. Furthermore, an 
assessment was made of MRI based segmentations of the soft tissues and whether these are 
scalable in terms of segment volumes. The results showed that the MRI based bone model 
had a geometrical size comparable with the CT based bone model. Unfortunately, we could 
not find a good scalable factor amongst the knee element structures. These results indicate 
that MRI can be used as a single image source to develop a FE 3D knee geometrical model 
especially to analyze patients who require an ACL reconstruction. Further development of  
a faster segmentation tool is necessary for broad clinical application.
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Abstract
 In this study, we evaluated the intra- and inter- observer variability when 
determining the insertion and origin sites of knee ligaments on MRI scan images. 
We collected data of five observers with different backgrounds, who determined 
the ligament attachment sites in an MRI scan of a right knee of a 66-year-old male 
cadaver donor. We evaluated the intra- and inter-observer differences between the 
ligament attachment center points, and also determined the differences relative to a 
physical measurement performed on the same cadaver. The largest mean intra- and 
inter-observer differences were 4.30mm (ACL origin) and 16.81mm (superficial MCL 
insertion), respectively. Relative to the physical measurement, the largest intra- and 
inter-observer differences were 31.84mm (superficial MCL insertion) and 23.39mm 
(deep MCL insertion), respectively. The results indicate that, dependent on the location, 
a significant variation can occur when identifying the attachment site of the knee 
ligaments. This finding is of particular importance when creating computational models 
based on MRI data, as the variations in attachment sites may have a considerable effect 
on the biomechanical behavior of the human knee joint. 

Keywords:

Attachment sites, knee, ligament, MRI scan, variability.  

1. Introduction
 Finite element (FE) models of the knee joint are useful for analyzing knee joint 
kinematics. They provide insights into the influence of mechanical properties of 
biological tissues on the performance of structures, reducing both cost and time (Burns 
et al., 1995). The models are usually based on magnetic resonance imaging (MRI) or 
computerized tomography (CT) imaging, which are used to develop 3D models of the 
soft and hard tissues, respectively (Li et al., 1999; Peña et al., 2006; Potočnik et al., 
2008; Suggs et al. 2003). The bones of the knee joint can also be constructed using MRI 
data, only, which has the main advantage that it does not involve ionizing radiation (Li 
et al., 1999; Suggs et al., 2003; Rathnayaka et al., 2012). 

 For proper dynamic functioning of the models, it is very important to determine 
the exact location of ligament attachment sites. The ligaments are segmented from the 
MRI scans, during which the attachment sites need to be determined. Determining the 
precise locations for the attachment sites based on MRI is, however, affected by the 
scan quality and resolution, but also by the inhomogeneous soft tissue conditions, and 
the level of knowledge of the anatomy of the knee. 

 The purpose of this study was to evaluate the intra- and inter-observer variability 
when determining knee ligaments attachment sites based on MRI scans from a 
cadaveric specimen. These results were then compared with actual physical cadaver 
measurements. 
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2. Materials and methods
2.1. MRI-based measurements
 The knee ligament attachment sites were measured in a right knee from a 
66-year-old male cadaver donor, which was obtained from the Anatomy Department 
of the Radboud University Medical Center (Nijmegen, The Netherlands). The knee 
was scanned in a 3-Tesla MRI scan (Siemens, Trim Trio, Erlangen, Germany), using an 
extremity knee coil. The images were acquired according the following parameters: 
spin echo scanning sequence with a repetition time of 1200ms, echo time of 29ms, 
field of view of 224mm x 224mm, matrix size of 448 x 448, pixel size of 0.5mm x 0.5mm 
and a slice thickness of 0.5 mm, with a total of 240 MRI slices. The dicom files were 
imported in Mimics 14.0 (Materialise, Leuven, Belgium), which was used to segment 
the bones (femur, tibia and fibula) into 3D surface models (Figure 1). 

 The following ligament attachment sites were determined on the tibia, femur and 
fibula: insertion and origin of the anterior cruciate ligament (ACL-tibia and ACL-femur), 
insertion and origin of the posterior cruciate ligament (PCL-tibia and PCL-femur), 
insertion and origin of the lateral collateral ligament (LCL-fibula and LCL-femur) as well 
as two insertions and the origin of the superficial and deep medial collateral ligament 
(SMCL-tibia, DMCL-tibia and MCL-femur).

 Five observers participated in this study; an orthopaedic surgeon (TvT), an 
engineering PhD student (HR), an engineering PostDoc (PT) and two resident medical 
doctors (LN and JS). One observer (HR) conducted all observations three times with a 
minimum interval of one week for evaluating the intra-observer reliability. A protocol 
for the ligament attachment site measurements, guidelines for using the software to 
mark the sites, and an anatomical atlas were provided for the observers during the 
measurements. All observers independently determined the attachment sites, using 

Figure 1. MRI-based 3D surface mesh (anterior (left) and posterior (right) views), 
consisting of the femur, tibia and fibula.
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Mimics 14.0. Using this program, the observers manually marked the attachment sites 
on the MRI scan (Figure 2). The observers had all three orthogonal planes available to 
inform them on the attachment site position, but they were free in the choice of the 
planes in which they indicated the ligament attachment site. 

Figure 2. For the determination of the MRI-based measurements, first the attachment site was marked on 
the MRI-image, using Mimics 14.0 (left). Next the region was converted to a 3D triangular surface 
(center, magnified). Based on this triangular surface, the center point of the attachment site was 
calculated, and compared with the physical measurement (right).

 After the observations were performed, all marked attachment sites were 
converted into 3D triangular surfaces in Mimics 14.0, and exported in STL-format. The 
surface models of the bones were used for the comparison between observers, and 
between the MRI-based measurements and the physical measurements. Therefore, 
all exported attachment sites as indicated by the observers were projected onto the 
bone surfaces in Matlab R2011 (The MathWorks, Natick, Massachusetts, USA), using 
the iterative closest point (ICP) method (Besl and McKay, 1992). The ICP method is 
an iterative descent procedure, which seeks to minimize the sum of square distances 
between all points from the MRI-based measurement and their closest points in the 
bone surface models. In order to project the MRI-based measurements onto the bone 
surfaces, the measured points were translated over a mean distance of 1.15 ± 1.13mm 
for the femoral, and 0.86 ± 0.70 mm for the tibial attachment sites.

 The centroid of the projected area was then determined by dividing the area into 
triangular parts with the same normal direction. For each triangular part, the geometric 
center and area were calculated. The geometric center of the complete area, giving the 
attachment site, was then defined as the average of all geometric centers, weighted 
for the area of each triangular part. The centroid for each marking area was then 
further processed using Matlab R2011 (The MathWorks, Natick, Massachusetts, USA) 
to quantify the intra- and inter-observer variability, and to compare the MRI-based 
measurements with the physical measurements (see section 2.3). 
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Figure 3. Collecting registration points using an electromagnetic Fastrak 
sensor-based stylus of three bony surfaces.

2.2. Physical cadaver measurement
 In order perform the physical measurements, the knee was dissected by an 
experienced orthopaedic surgeon (RD), who measured the attachment sites of the 
ligaments using an electromagnetic tracking system (3Space Fastrak, Polhemus 
Incorporated, Vermont, USA). The accuracy of the electromagnetic system is 0.8mm 
and 0.15°, with a resolution of 0.20mm and 0.025° (3Space user’s manual, Polhemus 
Incorporated, Vermont, USA). For each ligament, first, an attachment site was identified 
and marked by the surgeon. The ligament was then separated from the bone, after 
which the attachment site was digitized using the stylus. 

 Before performing the measurement, two reference frames with electromagnetic 
sensors were placed onto the femur and tibia. An electromagnetic sensor-based stylus 
was used to measure 3D points relative to the corresponding reference frame. For 
registration purposes, also points of the femur, tibia and fibula surfaces were collected 
(Figure 3). These points were used to register the physical measurements to the STL-
files of the bone surfaces, previously obtained from the MRI scans. 

For the registration of the physical measurements onto the 3D surface model of the 
bone, again the ICP method was used. These physical values were used as reference 
values for comparison with the points measurement from MRI observations.

2.3. Data processing
 To quantify the intra- and inter-observer variability, we calculated the distances 
between measurements relative to two different reference points. For each attachment 
site, reference point one was the mean of all observations of the MRI observers 
(intra-observer and inter-observer) (Victor et al., 2009), serving as a reference for the 
analysis of the accuracy and precision of MRI-based measurements. Reference point 
two was the position of the physical cadaver measurement 
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reference to analyze the validity of MRI-based measurements. The mean intra-observer 
(
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 To quantify the intra(A)-observer accuracy (Figure 4), the distance between 
the individual observer position relative to the mean position (P) of intra-observers 
(DAPPi), and relative to the point position (R) of the cadaver measurements (DARPi) were 
calculated as follows:
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 The inter(E)-observer accuracy (Figure 4) was also determined by calculating the 
distance between the individual observer points relative to the mean position (Q) of all 
observers (DEQQj), and relative to the position (R) of the cadaver measurements (DERQj):
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Figure 4. Accuracy and precision quantification of the intra(A)-observer (Pi) and inter(E)-observer (Qj) 
relative to the mean observed point (P and Q) and cadaver measurement point (R).
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 The subscript P refers to the mean intra-observer point position, Q refers to 
the mean inter-observer point position, R refers to the mean position of the physical 
measurement, i refers to the 3 intra-observer measurements, and j refers to the 5 inter-
observer measurements. 

 We then calculated the maximum and mean value, and the standard deviation 
(precision values) of the distance (DAPPi , DARPi , DEQQj , DERQj) for each ligament location 
as a measure of the overall intra-observer and inter-observer variability. 

3. Results
 Compared to the mean MRI-based measurements, the mean intra-observer 
accuracy ranged from 0.31 mm (LCL origin) to 4.30 mm (ACL origin) (Figure 5). Compared 
to the physical measurement, the mean intra-observer accuracy ranged from 4.12 mm 
(MCL origin) to 31.84 mm (SMCL origin) (Figure 6). For all knee ligament attachment sites, 
the differences were smaller when compared to the mean MRI-based measurements, 
than when compared to the physical measurements. The intra-observer precision of the 
measurements was the highest for the femoral attachment site of the lateral collateral 
ligament (0.17 mm), while it was the lowest for the femoral attachment of the anterior 
cruciate ligament (4.10 mm).

 The mean inter-observers accuracy ranged from 2.43 mm (MCL origin) to 16.81 mm 
(SMCL insertion) when compared to the MRI-based measurements (Figure 7), whereas 
relative to the physical measurements, the mean accuracy ranged from 4.99 mm (MCL 
origin) to 23.39 mm (DMCL insertion) (Figure 8). Similar to the intra-observer accuracy, 
for all knee ligament attachment sites, the inter-observer differences were smaller when 
compared to the mean MRI-based measurements, than when compared to the physical 
measurements. The inter-observer precision was the highest for the femoral attachment 
site of the medial collateral ligament (0.65 mm), while it was the lowest for the tibial 
attachment site of the superficial medial collateral ligament (13.47 mm).

Figure 5. Variability in distance of the ligament attachment sites relative to the mean 
observed position for the intra-observer comparison.
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Figure 6. Variability in distance of the ligament attachment sites relative to the position of 
the physical cadaver measurements for the intra-observer comparison.

Figure 7. Variability in distance of the ligament attachment sites relative to the mean 
observed position for the inter-observer comparison.

Figure 8. Variability in distance of the ligament attachment sites relative to the position of 
the physical cadaver measurements for the inter observer comparison.
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4. Discussion

 The purpose of this study was to evaluate the intra- and inter-observer variability 
when determining knee ligaments attachment sites based on MRI scans, as this variability 
may have a considerable effect on the biomechanical behavior of computational models.

 Dependent on the specific structure, this study demonstrated that most attachment 
sites could be determined from MRI within a range from 5-10mm. However, some ligament 
attachment sites, such as the deep and superficial MCL insertion, are more difficult to 
replicate, with an average error of up to 23.39mm. This difference could be due to the 
choice of the MRI plane of view in which the observer determined the attachment site, 
although the observers had all three planes available. Moreover, the resolution of the 
MRI-scan (0.5x0.5mm resolution, with a 0.5mm slice thickness) does not explain errors 
of this magnitude. Most likely, the contrast of the ligament attachment sites with respect 
to the surrounding hard and soft tissues is the limiting factor. Another source of error is 
the fact that the attachment sites, which typically comprise a larger area, were reduced to 
single points in our measurements. This could be the case particularly for the superficial 
MCL, which has an attachment area of up to 348.6 ± 42.8 mm2 (Liu et al., 2010). This 
evidently increases the room for error when compared to ligaments with a smaller, better 
defined attachment site. Interestingly, for the deep MCL, the intra- and inter-observer 
accuracy and precision (expressed as the standard deviation) were quite similar (24.16 
±1.83mm and 23.39 ± 1.51mm, respectively). The fact that the variability within and 
between observers are similar further emphasizes the complexity of identifying this 
structure on MRI images.

 The limitations to the current study are the limited number of observers (n=5), and 
the limited number of repetitions (n=3) for determining the intra-observer accuracy and 
precision. The accuracy and precision considerably depended on the particular attachment 
that was measured. The comparison with physical measurements was performed only 
by one observer. However, this observer is a senior orthopaedic surgeon, with ample 
experience in ligament reconstructive surgery. 

 This study is aimed at identifying the errors that are made when creating 
computational models of the human knee. Such models give the possibility to analyze the 
changes that occur in knee kinematics and biomechanics when varying the attachment 
sites of the knee ligaments. As such, they can inform orthopaedic surgeons on surgical 
strategies, provided that the models are exact in their representation of the anatomy. 
If the modeling errors are in the same range as the surgical errors, it will be difficult to 
model surgical variations in a valid manner.

 An inappropriate choice of location of ligament attachment site affects the success 
of the reconstruction, dependent on the particular ligament. Several studies have shown 
that defining the appropriate tunnel location during ligament reconstruction is one of 
the key factors to reconstruct normal knee kinematics. Bedi et al. (Bedi et al., 2010) 
and Howell (Howell, 1998) showed that a proper orientation of the tibial ACL tunnel 
results in favorable knee kinematics, reducing complications such as graft impingement 
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and anterior knee pain. Likewise, the study of Zavras et al. (Zavras et al., 2005) reported 
that in ACL reconstructions, a small change of 3 mm in the femoral attachment site has 
a large effect on laxity and tension patterns. 

 In the case of PCL reconstructions, a proper femoral attachment site has been 
shown to significantly improve joint stability (Galloway et al., 1996), but it also affects 
the knee kinematics (Petersen et al., 2006), the graft force (Oakes et al., 2003) and graft 
tension (Mannor et al., 2000; Shearn et al., 2004). Burns et al. (Burns et al., 1995) stated 
specifically that placing the femoral tunnel 5 mm proximally and distally to the isometric 
point results in a decrease and increase in graft tension with knee flexion, respectively. The 
tibial attachment site, however, produces only minor changes in magnitude of posterior 
tibial translation (Galloway et al., 1996) and has a smaller effect on graft tension (Burns 
et al., 1995).

 For MCL reconstructions, the relocation of the ligament in the femoral attachment 
site has an effect on the length of the ligament, which influences the tightness of the 
ligament during knee flexion (Bartel et al., 1977). The same study also reported that the 
tibial attachment sites is not critical to the knee-flexion angle. Meister et al. (Meister et 
al., 2000) reported that the error in the determination of an appropriate LCL attachment 
site in the femoral bone could result in a disruption of the normal dynamics of knee 
motion, initiating premature arthritic changes. 

 These examples show that the magnitude of errors found in this study are too large 
to generate a reliable cadaver-specific biomechanical model. Apart from the insertion 
sites, the length of the ligaments (and therewith the slack-length) is also important to 
determine. We believe that determining this from MRI scans is even more challenging 
than the determination of the insertion sites. Automated (full or semi) segmentation of 
the soft tissues (Baldwin et al., 2010; Swanson et al., 2010), perhaps in combination with 
probabilistic modeling techniques (Bryan et al., 2009; Bryan et al., 2010; Fitzpatrick et al., 
2011; Galloway et al., 2012) could assist in generating subject-specific models in a more 
reliable fashion. Although these techniques work well for bony structures (Rathnayaka et 
al., 2012; Liu et al., 2010), it yet needs to be confirmed that these techniques will lead to 
a truly subject-specific representation of the soft tissues as well.

5. Conclusions
 The current study demonstrates that using MRI data, in general, the attachment 
sites of the ligaments in the knee can be determined with a reasonable accuracy. For 
some structures, however, the determination of the attachment sites is more complex, 
probably due to a larger area of attachment and a less apparent distinction on the MRI 
images. The implications of the variations found in the current study depend on the 
particular ligament, as some structures have a more pronounced effect on the joint 
kinematics and mechanics than others.
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Abstract
 In order to incorporate the knee capsule in biomechanical knee models, data 
is needed of its mechanical properties. In this study we quantified the mechanical 
properties of the posterior human knee capsule through tensile testing. 

 Fifteen specimens, dissected from five right knee donors (3 male, 2 female; aged 
79.2±7.9 years) were used to perform tensile tests. From each capsule, 3 specimens with 
a 5 mm width were cut, resulting in a medial, central and lateral specimen. The cross-
sectional area (CSA) was measured from alginate mould slices (±2.50 mm thickness). 
The mould was also used to reconstruct the 3D geometry of each specimen. Semi-
static tensile testing was performed under displacement control at 1 mm increments. 
Each displacement increment was held for 10 seconds before proceeding to the next 
increment until a final displacement of 25 mm was reached. The stress-strain curve was 
calculated to quantify the material properties. 

 The specimens displayed classical mechanical soft tissue behavior. The Young’s 
modulus of the capsule was randomly distributed over the (medial-central-lateral) 
locations. The Young’s moduli at the global and at the local (rupture) region were 
8.58±10.77 MPa and 4.58±4.33 MPa, respectively. In addition, the average global yield 
strength was 1.75±1.89 MPa and the average yield strength in the ruptured region 
was 1.16±0.71 MPa. A strong correlation (ρ=0.900) was found between global Young’s 
modulus and yield strength. Tissue relaxation during the 10 second pauses between 
loading increments caused a considerable force drop.

 The results of the current study suggest that the posterior capsule of the knee 
does not have a systematic (medial-central-lateral) distribution of material properties. 
Furthermore, the location of failure was not associated with the smallest CSA or 
the highest strain. The alginate molding technique in combination with the stress 
strain curves allows for development of a 3D model of the specimen, which can be 
implemented in finite element analyses. 

 If these results are transferred to a whole posterior capsule it can be estimated 
that the forces produced in the capsule are beyond 0.5 times body weight when a hyper 
extension of 10 degrees is occurring. This amount is substantial because forces during 
normal walking are in the order of 2 BW. Hence, the posterior capsule has important 
implications for the biomechanics of the knee joint and should be included in models 
which assess stability and contact forces in the knee, particularly when the knee is in 
extension. 

Keywords:

Cross sectional area, material properties, posterior knee capsule, three-dimensional 
knee model, tensile test. 
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1. Introduction
 Currently, there is considerable interest to develop accurate subject-specific 
biomechanical models of the knee.  By making these models subject-specific, the large 
inter-subject variability can be eliminated (Gardiner and Weiss, 2003; Papaioannou et 
al., 2008). Such models previously have been used to analyze the effects of various 
types of surgical interventions [Cohen et al., 2003; Shelburne et al., 2003; Halloran 
et al., 2005; Peña et al., 2006; Peña et al., 2006; Perillo-Marcone and Taylor, 2007]. 
Most of the models are based on finite element analysis, which has proven to be an 
excellent instrument for providing insight into the influence of mechanical properties of 
biological tissues on the joint performance [Limbert et al., 2004]. However, the reliability 
of these models strongly depends on an appropriate geometrical reconstruction, and 
an accurate mechanical description and implementation of the behavior of the various 
tissues.

 Most of the existing models currently do not include a representation of the knee 
capsule. However, the joint capsule of the knee provides for a considerable stability by 
limiting joint movement (Ralphs and Benjamin, 1994). Specifically the human posterior 
knee capsule, which has a variable thickness and a complex structure (Wymenga et al., 
2006), has important mechanical implications for the human knee, particularly in the 
range of full knee extension (Moeizadeh and Engin, 1983). 

 In order to incorporate the posterior capsule in 3D knee models, data is needed 
on its mechanical properties. To our knowledge, there is no data available on the 
mechanical properties of the posterior knee capsule. Some authors assume that the 
material properties of the posterior knee capsule are the same as the skin material 
properties (Soni et al., 2006) and it has been modeled as four fibers of nonlinear elastic 
line element (Shin et al., 2007). As with most biological soft tissues, the viscoelastic 
behavior of the posterior capsule is also important to consider during the tests as 
shown by previous studies about patellar tendons (Johnson et al., 1994) and ligaments 
(Kwan et al., 1993; Bonifasi-Lista et al., 2005).

 The purpose of this study was to quantify the mechanical properties of the human 
posterior knee capsule through semi-static tensile tests. We performed tensile tests 
on specimens of the posterior capsule that had a variable cross sectional area. By 
performing these tests, the stress-strain curves from three different locations within 
the human posterior knee capsule were quantified.

2. Material and Methods
 To develop the 3D geometrical model and to evaluate the mechanical properties 
of the posterior knee capsule, this study utilized five right knees (knee A through E) 
from five cadavers, which had an average age of 79 years (3 males, 2 females; mean age 
79.20±7.92 years, range: 69-89 years). The capsules were dissected from the knees by 
an orthopedic surgeon to obtain a large flap of the posterior knee capsule. The capsules 
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were then placed on a flat surface, photographed with a millimeter scale to know the 
approximate size of the capsules, hydrated with saline spray and wrapped in a plastic 
bag after which they were stored in the freezer. 

2.1. Molding procedure
 From each capsule in frozen condition, three specimens with a 5 mm width were 
cut by a special blade, resulting in a medial, central and lateral specimen (Figure 1). The 
specimens were then defrosted and placed in the refrigerator. Due to the irregular shape 
of the knee capsule specimens, we performed a molding procedure to determine the 3D 
geometry of each specimen, using an alginate powder (Goodship  and and Birch, 2005). 

Figure 1. Three specimens of the posterior knee capsule (medial-central-lateral), 
which were cut at a 5mm width in frozen condition.

Figure 2. (a) A PMMA (Polymethyl methacrylate) molding frame which was equipped with three metal rods 
with a 1 mm diameter. The distance between the rods was 10 mm horizontally and 9 mm vertically. 
(b) A 2-D picture of the alginate, consisting of three small holes originating from the three metal 
rods, and one bigger hole created by the knee caspsule surface; 

  (c) A 3D reconstruction of knee capsule specimen.

 The defrosted specimen was placed in a in-house developed mould (Figure 2a), 
after which the alginate paste was added to fill the mould and completely embed the 
specimen. After hardening of the alginate, a slit was carefully cut along the mould, and 
the specimen was gently removed and put back in the refrigerator. 
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Figure 3. (a) Knee capsule specimen at the initial position in the clamping system. Dot markers were applied 
on the specimen and the edges of both grips, which were equipped with a millimeter scale.  

  (b) Clamping system design with a special slot to hold the specimen properly. 
  (c) Nodes describing the locations for the global and local strain response.

 The alginate structure was then cut transversally into slices with a 2.5 mm 
thickness. All slices were digitized and used to calculate the cross-sectional area (CSA) 
and to conduct a 3D geometrical reconstruction of the capsule specimen. The CSA of 
the specimen in the initial condition was measured by using ImageJ 1.45s software 
(NIH, USA; Wayne Rasband; http://imagej.nih.gov/ij). By using this software, the CSA of 
the specimen from every individual alginate mould slice (Figure 2b) was captured semi-
automatically. From these images, the biggest and the smallest local average CSA could 
be determined. The average CSA from the calculations was later used to calculate the 
‘average’ stress value. Finally, a 3D image reconstruction (see Figure 2c) was conducted 
using Mimics®14.0 (Materialise, Leuven, Belgium).

2.2. Tensile test procedure
 To measure the mechanical properties of the capsule, tensile tests were performed. 
The tensile tests were carried out using an MTS testing machine (MTS 458-13, MTS 
Systems Corp., Minneapolis, Minnesota USA). A row of marker dots was manually 
applied to the specimens to enable local strain calculations (Figure 3a). Subsequently, 
each specimen was gripped in the machine using an in-house built clamping system. 
The clamping system was developed with a special slot to hold the specimen securely 
while minimizing squeezing of the specimen (Figure 3b). Small markers and a millimeter 
scale were also marked on the clamps to measure the global deformation. 

 After aligning the specimen, the initial length of the specimen was measured 
and the machine was activated in displacement control with 1 mm increments. Each 
displacement increment was held for 10 seconds before proceeding to the next 
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increment, to measure the viscoelastic response of the tissue, until a final displacement 
of 25 mm was reached. The correlation between viscoelasticity and maximum stress 
level was calculated using the Pearson product-moment correlation coefficient.

 During the testing, the specimen was continuously hydrated with saline spray. A load 
cell with a maximal range of 125 N was placed below the lower clamp to measure the 
reaction force at a sampling rate of 30 Hz. A digital camera recorded the capsule deformation, 
including all markers and the millimeter scale for each displacement increment. A picture 
was taken directly after a displacement increment was applied to the specimen.

 Besides quantifying the global deformation, we were also interested to quantify the 
local deformation of the specimen. So, for six specimens (knees D and E), we recorded 
the tensile test using a video camera with a sampling rate of 30 frames per second. The 
local deformation of each specimen was quantified by evaluating the displacement of the 
marker dots on the specimen. 

 Two types of stress-strain curves were derived: the global and local stress-strain 
relationships. For the global strain values, the elongation value of the specimen, relative 
to the initial position, was calculated by using the displacement setup of the grips in 
the MTS machine (i.e. between node A and node B; Fig 3c). The global stress value was 
calculated by dividing the recorded force by the average global CSA. For the local strain 
values, the deformation of a pair of neighboring marker dots was calculated during 
every loading increment. The local stress level was calculated as the force divided by 
the corresponding local CSA (Figure 3c).  

 Using the global and local stress-strain curves, we evaluated the Young’s modulus 
and yield strength values for all specimens. The Young’s modulus was calculated based 
on the stresses occurring after the 10-seconds waiting period, after the application of 
each displacement increment. Connected, these points formed a curve with an initial 
non-linear portion (toe region), and a linear portion, representing the elastic tissue 
response. The slope of the linear portion of the curve was then taken as the Young’s 
modulus. The yield strength was given by the maximum stress level that was achieved 
during testing. The global and local stiffness and the yield strength were calculated 
using the CSA, the initial length and the reaction force. The correlation between Young’s 
modulus and yield strength was calculated for all specimens using Spearman’s Rho non 
parametric correlation.

3. Results 
3.1. Alginate molding
 For all specimens, we successfully reconstructed the 3D geometry (Figure 2c) and 
calculated the average CSA measurement both globally and at every slice-location of 
the specimen using the alginate molding. Although in frozen condition the width was 
identical for all specimens, the variation in capsule thickness resulted in considerable 
variations of the CSA’s. The global CSA of all specimens ranged from 6.77 mm2 to 
33.84 mm2 with an average CSA being 20.81 ± 6.80 mm2 (Table 1). 
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 Failure of the tissue did not necessarily occur at the location of the smallest cross-
sectional area. Only in two of the 15 cases, the rupture area of the specimens occurred 
at the location with the smallest CSA (Table 1). 
Table 1.  Global and local cross sectional area (CSA) of all the posterior knee capsule specimens. Two of 

the specimens ruptured at the location with the smallest CSA (shaded cells).

3.2. Tensile test
 The force curves of the specimens that were measured during the tensile tests 
displayed a classical soft tissue response (Figure 4). The tissue displayed force relaxation 
during the 10 second pauses between the displacement increments. During these 
periods, the maximum force drop was 50.67 N (51.58% of the maximal force) with an 
average force drop of 16.87±15.22 N, which equaled a stress drop of 60.95% (±28.16%) 
when using the average global CSA. The maximum force drop occured in the central 
specimen of knee capsule A. 

Figure 4. Example of a force-time curve of a specimen, which was recorded during the tensile test. A 10-second 
pause was allowed between the displacement increments, until the maximal displacement of  25 
mm was reached.
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Knee capsule D - Central 

Force [N]

Posterior Capsule Specimen
Average Global CSA 

(mm2)
 SD (mm2)

Local nodes CSA (mm2)
Maximum Minimum Rupture

Knee A                
80 yrs. male

Central 23.35 10.93 35.75 9.77 33.15
Lateral 15.22 4.41 18.12 10.52 17.69
Medial 20.12 8.86 28.84 10.91 28.84

Knee B                   
84 yrs. female

Central 23.70 6.80 34.39 22.95 32.77
Lateral 14.70 8.73 25.17 4.66 8.27
Medial 6.77 1.39 8.33 4.93 8.24

Knee C                 
69 yrs. male

Central 27.73 7.85 35.94 17.65 22.52
Lateral 20.53 2.62 24.26 18.50 18.59
Medial 22.57 8.32 28.20 6.74 28.20

Knee D                 
89 yrs. female

Central 20.90 11.87 40.18 9.19 9.19
Lateral 19.48 4.52 25.81 16.80 16.80
Medial 11.78 5.49 16.33 4.24 9.30

Knee E                 
74 yrs. male

Central 28.31 7.78 38.81 19.75 28.75
Lateral 33.84 3.90 35.92 30.82 32.57
Medial 23.09 5.91 31.09 16.63 22.47



Chapter 4

56

Figure 5. The curve of the maximum stress relative to the relaxation stress in the lateral, medial and central 
regions.
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Figure 6. An example of a global and local strain cureve (knee capsule D-central 

specimen) until peak force . Rupture area of the specimen at area between node A and 
node E . The straight line indicates the case when global and local strains would have 

been identical. 
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 Figure 5 shows the graphs of the maximum stress relative to the stress relaxation 
of the knee capsule in all areas (medial, central, and lateral). In general, the stress 
relaxation correlated well with the maximum stress (p<0.01; R2=0.817). The higher the 
maximum stress, the larger the stress relaxation. Analyses of the local deformations 
revealed a highly inhomogeneous deformation behavior of the tissue. The local strain 
of the tissue differed from the global strain (Figure 6). The average maximum global 
strain at failure was 0.35±0.10. For the six specimens in which the local deformations 
were analyzed, the maximum local strain was 0.85±0.80. The maximum local strain 
did not necessarily occur at the smallest CSA. Three of six specimens ruptured at the 
location with the highest local strain, while three other specimens ruptured at the 
location with the second highest local strain.
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 The stress-strain curve of the rupture area displayed the same pattern as the 
global stress-strain curve (Figure 7). Hence, most deformation occurred in one region 
of the specimen, whereas relatively small deformations occurred in the other regions. 
The none-ruptured areas of the capsule, which were stiffer than the rupture region, 
tended to go back to the initial position after gross failure of the specimen.
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Figure 6. Example of a global and local strain curve (knee capsule D-central specimen) until peak force.  
A rupture occurred between nodes A and E . The straight line indicates the case when global and 
local strains would have been identical.

Figure 7. (a) Global stress-strain curve; 
  (b) Local stress-strain curves. Curve AE was the rupture area for this particular specimen.
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 The stress-strain curve of the rupture area displayed the same pattern as the 
global stress-strain curve (Figure 7). Hence, most deformation occurred in one region of 
the specimen, whereas relatively small deformations occurred in the other regions. The 
none-ruptured areas of the capsule, which were stiffer than the rupture region, tended 
to go back to the initial position after gross failure of the specimen.  
 

  
( a ) ( b )

Figure 7. (a) Global stress-strain curve ; (b) Local stress-strain curves. Curve AE was the 
rupture area for this specimen. 

 
 The moduli of elasticity of the knee capsules were randomly distributed over the 
medial-central- lateral locations (Table 2).  The average global Young’s modulus was 
8.58±10.77 MPa and the average  yield strength was 1.75±1.89 MPa. A signi�icant linear 
correlation (p<0.01) between Young’s modulus and strength was found (ρ=0.900). 
 The average local Young’s modulus and yield strength values of the rupture region 
were 4.58±4.33 MPa and 1.16±0.71 MPa, respectively. The local Young’s modulus in the 
knee capsule generally was larger than the global Young’s modulus, while the local yield 
strength had similar values. The average global stiffness was 5.45 ± 5.04 N/mm. 
 
 
 
 
 
 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0.00 0.20 0.40 0.60 0.80 1.00

St
re

ss
 [M

P
a]

Strain

Global Stress-Strain Curve
Knee capsule D-Central

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

-0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80

S
tr

e
ss

 M
a

x
im

u
m

 [
M

P
a

]

Strain

Local Stress-Strain Curve 
Knee capsule D - Central

Curve AE Max

Curve EF Max

Curve FG Max

Curve GH Max

Curve HI Max

Curve IJ Max

Curve JB Max

 

 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

-0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80

St
re

ss
 M

ax
im

u
m

 [
M

P
a]

Strain

Local Stress-Strain Curve Knee capsule D - Central

Curve AE Max

Curve EF Max

Curve FG Max

Curve GH Max

Curve HI Max

Curve IJ Max

Curve JB Max(b)

(a)



Chapter 4

58

 The moduli of elasticity of the knee capsules were randomly distributed over the 
medial-central- lateral locations (Table 2).  The average global Young’s modulus was 
8.58 ± 10.77 MPa and the average  yield strength was 1.75 ± 1.89 MPa. A significant 
linear correlation (p<0.01) between Young’s modulus and strength was found (ρ=0.900).

 The average local Young’s modulus and yield strength values of the rupture region 
were 4.58 ± 4.33 MPa and 1.16 ± 0.71 MPa, respectively. The local Young’s modulus in 
the knee capsule generally was larger than the global Young’s modulus, while the local 
yield strength had similar values. The average global stiffness was 5.45 ± 5.04 N/mm.

4. Discussion
 In this study, a molding procedure and tensile tests were performed to quantify 
the geometrical and mechanical properties of the human posterior knee capsule. 
Through the two proposed procedures, the geometrical and mechanical properties 
of the capsules could be determined, which can be used for implementation in a 
biomechanical model of the knee.

 The results of the current study suggest that the posterior capsule of the human 
knee is a highly inhomogeneous material. The locations of failure within the specimens 
were also random and not associated with the smallest cross-sectional area or highest 
local strain. The global average stiffness reported here (5.45 ± 5.04 N/mm for 5 mm 
wide specimens) is in the same order as has been assumed in an earlier simulation study 
by Shin et al. who assumed a stiffness ranging from 20.8 to 54.6 N/mm (assuming four 
springs to represent the whole capsule). The total stiffness of the capsule as simulated 
by Shin et al. (2007) was 149 N/mm. In our study the average width of the capsule was 
86 mm, meaning that the average capsule consists of about 17 specimens of 5 mm 
width. The average stiffness of one specimen was 5.45 N/mm, which means that the 
total capsule stiffness would be 93 N/mm.  

Table 2.  The Young’s modulus, the yield strength, the initial length, the average CSA and the stiffness 
values of the global specimens, as well as the Young’s modulus and the yield strength of the local 
specimens (including the rupture locations of knee D and knee E specimens)

Posterior Capsule Specimen Global Local (rupture area) Global
Donors Locations Total width [mm]  E (MPa) σ (MPa)  E (MPa) σ (MPa) Initial Length [mm] CSA [mm2] Stiffness [N/mm]

Knee A
80 yrs, male

Central
85

14.83 4.26

not attained

24 23.35 14.43
Lateral 23.02 4.56 23 15.22 15.24
Medial 2.71 0.37 34 20.12 1.60

Knee B
84 yrs, female

Central
80

6.77 1.18 24 23.70 6.68
Lateral 1.68 0.25 29 14.70 0.85
Medial 41.41 6.65 21 6.77 13.35

Knee C
69 yrs, male

Central
90

3.42 0.77 30 27.73 3.16
Lateral 5.92 1.48 27 20.53 4.50
Medial 8.28 1.23 24 22.57 7.78

Knee D
89 yrs, female

Central (AE)
85

4.06 0.74 7.66 1.68 30 20.90 2.83
Lateral (AE) 2.23 0.85 2.91 0.98 33 19.48 1.31
Medial (IJ) 6.23 1.47 2.31 1.86 36 11.78 2.04

Knee E
74 yrs, male

Central (FH)
90

5.23 1.78 11.90 1.75 30 28.31 4.93
Lateral(IB) 1.78 0.53 2.27 0.55 30 33.84 2.00

Medial (FG) 1.09 0.15 0.40 0.15 26 23.09 0.97
Average 86 8.58 1.75 4.58 1.16 5.45

SD 4.18 10.77 1.89 4.33 0.71 5.04
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 Anatomical descriptions of the posterior knee capsule are generally rather 
superficial, and little is known about the fiber orientations and regional variations in 
mechanical response. To investigate whether or not the tensile stiffness and strength of 
the posterior capsule are distributed in a heterogeneous fashion, we decided to analyze 
three specific regions: the medial, central and lateral region. In our results, we were 
unable to make a distinction in the mechanical response of the different regions. This 
could be due to the fact that there the fibers are actually distributed in a homogeneous 
fashion, but it is also possible that the tissue was not loaded in the optimal manner. 
Histological analyses, focusing on fiber orientation and local fiber density could shed 
more light on the local anatomical variations.

 Using the stiffness of the posterior knee capsule, we can make an estimation of 
the force production in the knee capsule, and its effect on the tibio-femoral cartilage. 
We can furthermore assess whether the knee capsule is indeed an important tissue 
to include in biomechanical models. Figure 8 shows an example of a knee in 10° of 
hyperextension. The capsule would need to stretch 5 mm in order to allow for 10° of 
hyperextension. As the posterior capsule stiffness is approximately 93 N/mm, the force 
produced by the capsule would be about 465 N, which is more than half a body weight 
(BW). The capsule forces need to be balanced by the cartilage, which means that more 
than half a BW of force is added to the cartilage load in case of hyperextension. This is 
a considerable amount of force given the fact that forces during normal walking are in 
the order of 2 times BW (Fregly et al., 2012). 

Figure 8. Neutral and 10 degree hyperextension position of the femural bone with posterior knee 
capsule stretch, which gives an extra compressive force on the cartilage contact surfaces.
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 Proof of this extra force generated in the knee during hyperextension can be  
assessed in cadaver experiments in which a knee is instrumented with pressure 
sensitive films at the cartilage contact surfaces, after which the knee is positioned in 
hyperextension. The recordings should comply with our stiffness measurements, and can 
be used to further validate computational models that incorporate the posterior capsule.

 Obviously this study had a number of limitations. One of the major drawbacks 
of the current study is that only uniaxial tests were performed on isolated specimens, 
while the posterior capsule is a complex anatomical structure, with non-homogeneous 
material constituents, and a varying fiber orientation and distribution. We furthermore 
only focused on the linear part of the stress-strain curve to get an estimate of the 
tissue stiffness. Obviously the material behavior is non-linear. Due to the stretching 
of the collagen fibers, the stress-strain curve for soft tissues shows an exponential 
region when the fibers are being aligned (the toe region (Hirokawa & Tsuruno, 2000)), 
followed by a linear region in which they are elongated. Furthermore, the mechanical 
behavior of soft tissues is known to be sensitive to the strain rate (Pioletti et al., 1999; 
Hu et al., 2010). In this study we used the force and stretch values at the end of the 10 
seconds displacement increments, so we used a very low strain rate. This means that 
we are probably on the low side of the actual stiffness response as occuring in vivo. 

 Another drawback of our study was the relatively high age of the donors used 
for the specimen preparation (79.2±7.9 years). However, a previous study has shown 
that ageing does not seem to have an effect on the structural mechanical response of 
a similar soft tissue (the patella tendon tissue), although some differences were found 
between male and female subjects (Carroll et al., 2008). On the other hand, another 
animal study suggests that the stiffness and strength of soft tissues (in this case the 
ACL) increase with age, although after reaching a skeletal maturity the mechanical 
properties decreased again (Woo et al., 1990). In any case, one should be aware that 
the capsule properties may be considerably different in young patients. The strength of 
the specimens was probably affected by the grips, illustrated by the fact that only 4 of 
the 15 specimens ruptured in the mid-region, while the other 11 specimens ruptured 
closer to the grips. 

 The current results present data about the mechanical properties of the posterior 
knee capsule. Using this data a first step can be made to integrate the function of the 
posterior knee capsule into 3D knee models. By incorporating the posterior capsule, 
more realistic biomechanical models can be generated, particularly when the knee is 
in (hyper)extension. 

 

5. Conclusion
 The results of this study highlight the function of the posterior knee capsule during 
knee extension, which contributes to the biomechanics of the knee joint stability and 
contact forces. The posterior knee capsule should be included in models to fully analyze 
its implications on knee functioning, particularly when the knee is in (hyper)extension.
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Abstract
 This study evaluated the in-situ tensile behavior and slack length of the anterior 
cruciate ligament (ACL) at various knee flexion angles. In four cadaver knees the ACL 
was released at the tibial insertion, after which it was re-connected to a tensiometer. 
After pre-tensioning (10N) the ACL in full extension, the knee was flexed (from 0° to 
150°) with 15° increments, at which flexion angles the ACL tension was measured. At 
each angle the ACL was subsequently elongated and shortened under displacement 
control, while measuring the ACL tension. In this manner, the pretension or the slack 
length, and the tensile behavior of the ACL were measured.

 All ACL’s displayed a higher tension at low (0°-45°) and high (120°-150°) flexion 
angles. The ACL slack length depended on flexion angle, with the highest slack length 
found at 75° and 90° of flexion. Additionally, the ACL stiffness also varied with flexion 
angle. The ACL was stiffer at low and high flexion angels than at intermediate flexion 
angles. In general, the ACL was stiffest at 150°, and most compliant at 90° flexion. The 
results of this study contribute to understanding the mechanical behavior of the ACL 
in-situ, and may help tuning and validating computational knee models studying ACL 
function.

Keywords:

ACL, displacement, in-situ, knee flexion, slack length, tension.

1. Introduction
 The anterior cruciate ligament (ACL) fulfills an important role in maintaining knee 
stability, especially for restraining anterior tibial translation (Sanchez et al., 2006; Woo 
et al., 2006; Dargel et al., 2007). It is also the most frequently ruptured ligament in the 
knee (Song et al., 2004; Daniel et al., 1994; Griffin et al., 2000). Surgical reconstruction 
of the ACL is a common intervention to treat disability or chronic instability of the knee 
(Beynnon et al., 2002). Unfortunately, in some cases the results are still unsatisfactory, 
resulting in the development of secondary injury, or progressive degeneration of the 
injured knee joint (Dargel et al., 2007), and failed restoration of the physiological 
characteristics of a native ACL (Beasley et al., 2005).

 To analyze the function of the ACL, and to optimize the results of surgery, three-
dimensional computational models of the knee joint can be adopted. Computational 
models allow to vary and isolate factors affecting knee joint functioning, making them 
suitable for analysis of the different structures around the knee. However, in order 
to simulate the effects of ACL interventions, input on the mechanical behavior of the 
native, intact, ACL is required. 

 Several studies have analyzed the inherent mechanical properties of the ACL 
by performing tensile tests in experimental set-ups (Girgis et al., 1975; Arnoczky, 
1993; Markolf et al., 1984; Markolf et al., 1990; Markolf et al., 1995). However, these 
experiments only focused on an active, or tensed ACL in the knee during full extension or 
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in deep flexion. To properly simulate the ACL function, additional information is needed 
on the slackness of the ligament, in the intermediate range between full extension 
and deep flexion. When the slack length of the ACL is underestimated, the ligament 
becomes active earlier during the flexion movement and close to extension, which 
affects the kinematic behavior of the joint and increases the joint contact pressure. 
Overestimating the slackness of the ACL, however, promotes joint instability. Previous 
studies have shown that the ACL is mainly tensed at low (0-30°) and high (>120°) flexion 
angles (Markolf et al., 1995). However, it is not known to what extent the ACL becomes 
slack in the mid-region.

 In addition, the ACL is composed of two main fiber bundles, the antero-medial 
bundle (AMB) and postero-lateral bundle (PLB). Due to this specific morphology, 
different components of the ligament may be stretched during knee motion (Girgis et 
al., 1975; Arnoczky, 1983; Zanthop et al., 2006), making the mechanical response of 
the ACL dependent on the flexion angle of the knee. Hence, the best way to assess the 
mechanical behavior of the ACL is while it is left in-situ in the knee joint.

 The goal of this study was therefore to quantify the slackness and mechanical 
behavior of the ACL in-situ, at different flexion angles. The mechanical behavior was 
assessed by measuring the tensile response of the ACL, when varying its length. 

2. Materials and Methods
 Four fresh-frozen human cadaver knees (72 to 86 years old; 2 males, 2 females; 3 
right knees, 1 left knee) were used to measure the tension and slack length of the ACL. 
Before dissection, the knees were examined in a Magnetic Resonance Imaging (MRI) 
scan to verify that the ACL was intact. The specimens were thawed 24 hours prior to 
dissection, after which the knees were prepared for the measurement in a custom knee 
loading rig (Figure 1). The rig allows for positioning of the knee in each desired position, 
and was previously used by Barink et al. (Barink et al., 2007). In our study, the position 
of the tibia was placed in the bracket A, which could be flexed around joint x (indicated 
as R1 in Figure 1) from full extension (0°) to 150° of flexion, with an accuracy of 1°. The 
rig also allows for proximal and distal translation by displacing bracket A (T2, Figure 1). 
The femur was placed in the bracket D, which had four degrees of freedoms: medial-
lateral translation (T1), antero-posterior translation (T3), varus-valgus rotation (R3) and 
internal-external rotation (R2). During the measurements, at each knee flexion angle, 
we locked all movements of the rig after the knee joint found its self-adjusted position, 
guided by the soft tissue envelope of the knee.

To fit the knee into the rig, the knees were cut 20cm proximal and 19cm distal to the 
joint line. Soft tissue within 15cm proximal and 13cm distal to knee joint cavity was left 
intact. Subsequently, the bones were potted using polymethylmethacrylate (PMMA).
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Releasing the ACL
 To record the ACL tension curve due to the displacement at a specific knee angle 
from 0° to 150°, we applied the method of Markolf (Markolf et al., 1990) to isolate the 
tibial attachment of the ACL. This technique was later applied by Arnold and colleagues 
in our laboratory to record ACL tension (Arnold et al., 2004). The ACL was released from 
the tibial attachment by an experienced orthopaedic surgeon (RLD), according to the 
following procedure. 

 First, the knee was opened to expose the exact location of the ACL. By using a tibial 
aiming device (Arthex, Naples, FL, USA), a guide-wire was drilled into the centre of the 
tibial attachment of the ACL, with the direction and position of the wire parallel to the 
roof of the notch, with the knee fully extended. The guide-wire position was checked 
under a fluoroscope in the antero-posterior and lateral projection. After confirming 
the wire position, a 4.5 mm canulated drill was used over the guide-wire until the 
subchondral bone under the ACL insertion site was reached. With the guide wire still 
attached to the bone, a 7 mm canulated screw was driven into the bone over the guide 
wire, until the screw tip touched the subchondral cortex. Subsequently, a core drill (14 
mm outside diameter) was drilled over the guide wire until the subchondral bone plate. 
The ACL was then further released by removing the surrounding connective tissue. 
Some additional stitches were used to further ensure adequate fixation of the ACL to 
the tensiometer. We confirmed complete release of the ACL by pushing and pulling the 
bone-screw while checking the adequate force response of the ACL. 

Figure 1. Knee joint testing rig (Barink et al., 2007). The tibia was placed in bracket A, and the femur in 
bracket D through sliding block C, allowing for medial-lateral translation (T1). Bracket A could be 
rotated around the center of rotation x, allowing flexion and extension (R1). Block B, which was 
also connected to the bracket A, could slide within bracket E, allowing proximal-distal movement 
of the tibia (T2). Block C could rotate, to allow for varus-valgus (R3) and internal-external rotation 
(R2). Bracket D could also rotate around Y, allowing anterior and posterior movement (T3). 
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Figure 2. Schematic overview of the tensiometer device and its connections to the electronic equipment, to 
measure the ACL tension (Arnold et al., 2004).

Mounting the tensiometer
 A custom made tensiometer (Figure 2) was used in this study (Arnold et al., 
2004), with a force accuracy of +/- 1N. The tensiometer was calibrated prior to each 
experiment using dead weights. The electric signal of the sensor was connected to an 
analog-to digital-circuit (A/D Converter) with a USB interface. The digital data was then 
further processed using QuickDAQ (Data Translation, Marlboro, USA). The tensiometer 
frame was mounted firmly to the tibia, while the hook of tensiometer was connected 
to the ACL. Two sharp pins of the frame were driven into the cortical bone alongside 
the bone tunnel, to further anchor the tensiometer. The position of the hook was 
adjusted through a length adjustment screw (part 2 in Figure 2), while the height of 
the frame could be adjusted to bring the tensiometer in line with the tibial tunnel. The 
adjustment screw was used to vary the displacement while tensioning and relaxing the 
ACL tension, with 0.5mm displacement increments. 

Testing Procedure
 For each knee, the measurement was started by connecting the ACL to the 
tensiometer and putting the knee in the “base-position”, after which a pre-conditioning 
sequence was performed. For the base-position, the knee was placed in full extension, 
after which the ACL tension was set to 10N by adjusting the adjustment screw. This 
position was based on the study of Arnold et al (Arnold et al., 2004). The pre-conditioning 
sequence consisted of five consecutive cycles of flexion-extension 0° to 90°. 
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 After pre-conditioning, we started to measure the tension and slackness of the 
ACL as a response to the applied displacement and flexion angle. We performed the 
measurement at flexion angles ranging from 0° to 150°, with 15° increments.

 For each flexion angle, the measurement was started by first placing the knee in 
the base-position (full extension, 10N pre-tension). Next, the knee was placed in the 
desired flexion angle. After the knee joint found its self-adjusted position, all degrees 
of freedom of the rig were locked. We then measured the ACL tension which would 
show either a specific level of ACL tension (1.) or ACL slackness (2. – no reaction force 
measured). Based on the initial measurement, the measurement was proceeded as 
follows:

1. In the case that the ACL was under tension, using the adjustment screw, the tension 
was reduced by increasing the ACL slackness with 0.5mm increments. At each 
increment, the ACL tension was recorded, until full slackness was reached (tension = 
0N). At this point, we would rotate the adjustment screw back to the initial (tensed) 
position and continue to measure the ACL tension by stretching the ACL with 0.5mm 
increments. The measurement was stopped when the ACL tension exceeded 20N, 
to prevent damage occurring to the ACL-tensiometer connection. 

2. In case the ACL was initially slack, we would only stretch the ACL by increasing 
the displacement using the adjustment screw, at 0.5mm increments. Again, at 
each displacement increment, the ACL tension was recorded, until the ACL tension 
exceeded 20N.

 After measuring the tension-displacement characteristics for a specific flexion 
angle, the ACL was released again, the knee was placed back in full extension, after 
which the procedure was repeated for the next flexion angle. 

Data Processing
 As a verification step, and to provide a comparison with previous studies, first, a 
standard flexion-tension graph was reproduced. This entailed that the ACL slackness 
was set to 10N in full extension, after which the flexion angle was changed to 150°, 
in 15° increments. This measurement should result in the typical U-curve, as seen in 
previous experiments (Arnold et al., 2004).

 Next, the testing procedure as described above was followed. As the experiments 
were performed at various flexion angles, tension-displacement curves were produced 
with a horizontal (displacement) offset that depended on the slackness. To determine 
the slack-length at a specific flexion angle, a cut-off value of 0.5N was taken. The 
horizontal offset at this tension level was then taken as either the slack length, or the 
level of pre-tension.

 The nominal tension-displacement curves were then determined, by removing 
the slack-length or pre-tension offset. Theoretically, if the nominal mechanical response 
of the ACL would be similar in each flexion angle, this would result in nearly identical 
tension-displacement curves, while the curves would be divergent if the nominal 
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response would depend on the flexion angle. To quantify this difference we calculated 
the linearized ACL stiffness for each knee. The linearized stiffness was determined at 
a tension cut-off value of 15N, and calculated by dividing the tension level (15N) by 
the nominal displacement (corrected for slackness/pre-tension). We determined the 
linearized stiffness as a function of knee flexion angle. 

 Finally, we fitted the acquired data to a ‘single bundle’ ACL model, which can be 
used for modeling of the ACL in computational models of the human knee. 

Statistical analysis
 Friedman’s non parametric test was performed using SPSS Statistics 19 (SPSS 
Inc., IL, Chicago) to determine a mean difference of an ACL’s linear stiffness relative 
to each group of knee flexion angles. In this study, knee flexion angles (ranging from 
0° to 150°, with 15° increments) were divided into three different groups i.e. low knee 
flexion angle (from 0° to 60°), intermediate knee flexion angle (from 75°to 105°) and 
high knee flexion angle (from 120° to 135°).  Due to the limitation of the experimental 
data samples and the specific (unique) cadaver’s knee properties, subsequently, we 
performed a Tukey Post Hoc test of General Linear Model Univariate to determine 
the mean value difference between two groups. The groups of the knee flexion angle 
(low knee angle, intermediate knee angle, and high knee angle) and the knee cadavers 
(C545L, C555R, C580R, and C590R) were set as independent variables, whereas the 
stiffness value was set as a dependent variable. A significance level of alpha < 0.05 and 
a confidence level of 95% were used for all statistical analysis. 

3. Results
 For three knees we were able to complete the full experimental protocol (0-150°), 
while in one knee we were unable to apply a flexion angle higher than 135°, due to 
excessive fat tissue surrounding the knee.

Standard flexion-tension graph
 All knees displayed the characteristic U-curve of the ACL tension (Figure 
3), as previously demonstrated by Arnold et al. (Arnold et al., 2004). The ACL was 
predominantly tensed in the lower (0° to 60°) and higher (120° to 150°) knee flexion 
angles, and slack in intermediate flexion angles (75° to 105°).

Tension-displacement curves
 Figure 4 shows typical tension-displacement curves produced by a single knee 
(C590R; 78 yrs; female). For each flexion angle, a different tension-displacement curve 
was produced, providing information on the ACL slack length, and the stiffness response 
at the various angles. Curves passing through the vertical axis (particularly occurring in 
lower and higher flexion angles) expressed a pre-tension, while curves shifted to the 
right (mid-flexion range) were slack in the base position.
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Figure 3. ACL tension (mean value) in an unloaded condition at different knee angles, with a slack limit  
of 0.5N.

Figure 4. ACL tension-displacement curves of one knee (C590R; 78 yrs; Female). Eleven curves are shown for 
each individual flexion angle (from 0° to 150° of flexion with 15° increments).
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produced, providing information on the ACL slack length, and the stiffness response at the 
various angles. Curves passing through the vertical axis (particularly occurring in lower 
and higher flexion angles) expressed a pre-tension, while curves shifted to the right (mid-
flexion range) were slack in the base position. 

 

 
Figure 4. The ACL tension-displacement curves of one knee (C590R; 78 yrs; Female). 

Eleven curves are shown for each individual flexion angle (from 0° to 150° knee flexion 
angle with 15° increments). 
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Slackness evaluation
 For each knee and each flexion angle, the slack length or level of pre-tension were 
calculated (Table 1, Figure 5). Slackness was represented as a positive displacement, 
while pre-tension was represented as a negative displacement. Dependent on the 
specific knee, the ACL became slack between 30° and 60°, and tensed again between 
105° and 150°. Maximum slackness was reached around 75°, with a magnitude of 
1.30±0.89mm. The maximum level of pre-tension was reached either at 0° or 150°, 
with a magnitude of -2.34±0.80mm. An “average” slackness curve was fitted through 
all data points, based on the four donor knees (Figure 5).
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Figure 5. Pre-tension and slackness curves for for each knee as a function of flexion angle. In the mid-flexion 
range ligament laxity values up to 2.2 mm were found.

Stiffness response
 The offset was then removed in the tension-displacement curves by subtracting 
the slackness or adding the pre-tension as determined above, causing a horizontal shift 
of the curves (compare Figure 4 and 6). The nominal curves did not overlap each other, 
indicating that the stiffness response was not constant for all flexion angles (Figure 6).

 Table 2 showed the ACL linear stiffness at 15N for all knee flexion angles. The 
statistical analysis only used the ACL stiffness data of knee flexion angle from 0° to 135° 
as there was a missing value for C580R at 150° of flexion. We compared a mean value 
of the ACL stiffness among three knee flexion angle groups using the Friedman’s non-
parametric tests. The tests showed a significant different of mean value for each knee 
flexion angle group (p= 0.039). In addition, the multiple pairwise comparison of the 
Tukey Post Hoc test showed that a significant different between low and intermediate 
knee flexion angle as well as between high and intermediate knee flexion angle with 
p=0.008 and p=0.049, respectively.

Table 1.  Displacement values applied to obtain a slack ACL (0.5 N). a positive value means that the ACL 
was slack (particularly in the mid-flexion range); whereas a negative value means the ACL was 
under tension (particularly at the extended and highly flexed regions).

   

91 
 

Table 1. Displacement values applied to obtain a slack ACL (0.5 N). Positive value 
displacement means that the ACL was slack (particularly in the mid-flexion range) ; 
whereas a negative value means that the ACL was under tension (particularly at the 

extended and highly flexed regions) . 
0° 15° 30° 45° 60° 75° 90° 105° 120° 135° 150°

C545L -1.39 -1.06 0.02 1.32 2.22 1.91 1.04 1.32 1.30 0.38 -1.23
C555R -1.94 -1.31 -0.23 0.14 1.42 1.89 1.84 1.15 0.24 -1.44 -3.14
C580R -1.65 -1.63 -1.05 -0.59 0.14 0.26 0.59 -0.24 -1.18 -2.83
C590R -1.99 -1.26 -0.38 -0.07 0.49 0.46 0.49 0.44 -0.27 -0.44 -1.84
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Figure 5. Displacement loads curves of each knee and mean value that applied to make the 
ACL slack until 0.5 N at different knee flexion angles for each knee. In the mid-flexion range 

ligament laxity values up to 2.2 mm were found. 
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 The offset was then removed in the tension-displacement curves by subtracting the 
slackness or adding the pre-tension as determined above, causing a horizontal shift of the 
curves (compare Figure 4 and 6). The nominal curves did not overlap each other, indicating 
that the stiffness response was not constant for all flexion angles (Figure 6). 
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statistical analysis only used the ACL stiffness data of knee flexion angle from 0° to 135° as 
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Figure 5. Displacement loads curves of each knee and mean value that applied to make the 
ACL slack until 0.5 N at different knee flexion angles for each knee. In the mid-flexion range 

ligament laxity values up to 2.2 mm were found. 
 
Stiffness response 

 The offset was then removed in the tension-displacement curves by subtracting the 
slackness or adding the pre-tension as determined above, causing a horizontal shift of the 
curves (compare Figure 4 and 6). The nominal curves did not overlap each other, indicating 
that the stiffness response was not constant for all flexion angles (Figure 6). 
 Table 2 showed the ACL linear stiffness at 15N for all knee flexion angles. The 
statistical analysis only used the ACL stiffness data of knee flexion angle from 0° to 135° as 
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 The linearized stiffness, determined at the 15N cut-off level, ranged from 3.25 N/
mm to 10.56 N/mm (Table 2). All knees expressed a similar pattern, with the ACL being 
stiffer at low and high flexion angles, concurrent with the flexion positions in which the 
ACL is mostly engaged.

4. Discussion
 The goal of this study was to quantify the slackness and mechanical response of 
the ACL in-situ, at different flexion angles. For this purpose, we varied the displacement 
of the tibial attachment of the ACL while measuring the force response in four fresh-
frozen cadaveric knees.

 Obviously our study has a number of limitations. The cadaveric knees used in 
the current study were of a relatively high age (79.0±5.8 years), not resembling the 
typical young and active patient. Furthermore, we were unable to manipulate the tibial 
insertion site using the intended screw fixation in the tibial bone-block as performed 
in the study of Markolf (Markolf et al., 1990), due to poor bone quality. The suture 

Figure 6. Fitting curve of the ACL stiffness of one knee (C590R; 78 yrs; Female) at different knee flexion 
angles
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there was a missing value for C580R at 150° of flexion. We compared a mean value of the 
ACL stiffness among three knee flexion angle groups using the Friedman’s non-parametric 
tests. The tests showed a significant different of mean value for each knee flexion angle 
group (p= 0.039). In addition, the multiple pairwise comparison of the Tukey Post Hoc test 
showed that a significant different between low and intermediate knee flexion angle as well 
as between high and intermediate knee flexion angle with p=0.008 and p=0.049, 
respectively. 
 The linearized stiffness, determined at the 15N cut-off level, ranged from 3.25 N/mm 
to 10.56 N/mm (Table 2). All knees expressed a similar pattern, with the ACL being stiffer 
at low and high flexion angles, concurrent with the flexion positions in which the ACL is 
mostly engaged. 
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Table 2.  Linear stiffness of the ACL at 15 N of four knees showing typically higher values close to extension 
and at larger flexion angles.

Knee 
Linear stiffness at 15N [N/mm]

0⁰ 15⁰ 30⁰ 45⁰ 60⁰ 75⁰ 90⁰ 105⁰ 120⁰ 135⁰ 150⁰
C545L 9.62 6.38 7.94 6.38 7.77 5.30 3.95 4.44 4.56 4.93 9.80
C555R 5.75 4.90 3.89 4.09 3.25 4.29 4.03 4.49 4.56 4.72 5.68
C580R 7.58 6.91 6.61 5.47 5.32 5.26 5.34 5.30 9.04 7.98  
C590R 6.44 5.38 7.01 4.98 5.66 5.91 6.22 4.30 4.46 7.85 10.56
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fixation that was adopted allowed more rotation of the ACL compared to the screw 
fixation, which potentially could affect the results. However, the bone tunnel provided 
good visibility of the sutures, and we observed minimal rotational movements of the 
sutures during the experiments. 

 Furthermore, the results of the measurements were quite reproducible between 
knees, indicating a limited effect of the manner of fixation. An actual possible benefit 
of using sutures instead of a bone plug was that we avoided possible bone-on-bone 
friction in the bone tunnel. The age of the cadaveric tissue most likely also affected the 
mechanical response of the ACL tissue, as several studies have demonstrated that age 
is an important factor in the mechanical properties of ligaments (Hammer et al., 2012; 
O’Brien et al., 2010; Hashemi et al., 2010; Carroll et al., 1985; Jones et al., 1995), while 
ACL injuries occur most frequently in younger patients (Markolf et al., 1995).

 After release of the ACL the pretension at extension was set at 10N as suggested 
by Arnold et al. (Arnold et al., 2004). Hence, this initial setting was identical for all 
knees. This is probably a simplification of reality and pre-tension values are bound 
to differ between individuals. Currently, as far as we know, there is no way to assess 
the pre-tension of the ACL under in-situ circumstances. For this reason we decided to 
standardize it to 10 N and subsequently assess how the ACL’s of four different cadavers 
respond as a function of flexion angle.  

 During our experiments we placed the knee at a particular flexion angle, and fixed 
all degrees of freedom after the knee found its self-adjusted position. This position 
was guided only by the passive structures surrounding the knee, while in vivo the 
knee position may be affected by the muscles surrounding the knee. Moreover, while 
tightening the ACL, the position of the knee was fixed, so that we could measure the 
actual elongation/shortening of the ACL. In vivo, this ACL tension would also affect the 
knee position, pulling the tibia in the posterior direction relatively to the femur. These 
limitations may have affected the mechanical response of the ACL, as we demonstrated 
that the stiffness depended on the flexion angle, and therefore on the angle of the ACL 
with respect to the femur and tibia. Allowing for a posterior translation of the tibia, 
for instance, would have resulted in a steeper orientation of the ACL, with a different 
mechanical response. Hence, our measurements give an indication of the stiffness 
response in a passive flexion position, but may be different in an in vivo situation with 
more degrees of freedom and muscle activation affecting the actual ACL position.

 The linearized ACL stiffness as determined in this study is difficult to be compared 
directly to other studies at all flexion angles. However, the literature does provide 
information about the average linear stiffness at knee flexion angles 30° and 45°. In 
our study, the average linear stiffness of the ACL from old donors was 6.36 ± 1.74 N/
mm at 30° knee flexion angle and 5.23 ± 0.96 N/mm at 45° knee flexion angle. Those 
values were different from a previous study of Woo et al. (Woo et al., 1991) and of 
Noyes and Grood (Noyes and Grood, 1976) who published an ACL linear stiffness of 180 
± 25 N/mm (60-97 years old donors) at 30° knee flexion angle and 129± 39 N/mm (48-
86 years old donors) at 45° knee flexion angle, respectively. By analyzing the graphical 
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load-elongation curve at 30° of flexion in the anatomical orientation of Woo et al. (Woo 
et al., 1991), we could estimate the linear stiffness at 15N and 20N load which were 
53 N/mm and 55.4 N/mm, respectively. Hence, our results show much lower stiffness 
values which could be partly attributed to the different types of testing and perhaps 
the age of the knee donors. 

 Our data came from a direct measurement of tension to the ACL which was caused 
by the displacement load until the ACL reach the tension around 20 N, whereas the ACL 
stiffness values from two previous studies were obtained from indirect measurement 
of the ACL through applying a higher load to the bone (not to the ACL in-situ), with 
force of 100 N (Woo et al., 1991) and around 600 N (Noyes and Grood, 1976). Another 
study of Markolf et al. (Markolf et al., 1995) also showed that the ACL force could reach 
around 200N with external tibial load of 100N. Unfortunately, they did not provide 
the ACL linear stiffness values as a comparison data. As the ACL is a highly non-linear 
material, with higher stiffness at higher strain values, it is logical that we found much 
lower stiffness values than the values produced by Woo et al. (Woo et al., 1991) and 
by Noyes and Grood (Noyes and Grood, 1976). Hence, the stiffness values found in our 
study must be judged as the ‘initial linearized stiffness’of the load-displacement curve. 
One could argue that we should have used higher loads than our maximal force of 20 
N, but pilot studies had shown that loads much higher than that would not allow for 
the multiple measurements which we wanted to perform in the cadaveric knees. 

 The current results indicate that the mechanical response of the ACL varies with the 
flexion angle. The mean ACL stiffness of the intermediate flexion angle group (4.90 N/
mm) was significantly different relative to the low flexion angle group (6.07 N/mm) and 
the high flexion angle group (6.01 N/mm).  On the other hand, the mean ACL stiffness 
of the low flexion angle group was not statistically different relative to the high flexion 
angle group with significance (p) of 0.990. This suggests that the ACL slackness was not 
only influenced by the location of the attachment sites relative to the rotating knee axis, 
but also the knee flexion angle. During the ACL reconstruction, the surgeon should test 
the ACL stiffness for all knee angle position range. The effective stiffness of the ACL is 
optimized for positions in which the ACL is mostly active (extension and deep flexion), 
whereas the slackness of the ACL is optimized during mid-flexion angle. Evidently, this 
is a result of the double-(or multiple) bundle architecture of the ACL, with the antero-
medial bundle being stretched in flexion, and the postero-lateral bundle being stretched 
in extension (Girgis et al., 1975; Arnoczky, 1983; Zanthop et al., 2006). 

 Our study may provide further clinical insights, particularly for optimizing the pre-
tension and slackness in ACL reconstructions. Although perhaps complex to incorporate 
in a clinical setting, our results provide guidelines for the amount of slackness in 
intermediate flexion angles, and for the level of pre-tension in extension and deep 
flexion. Such a procedure would, however, require a clinically suitable ACL tensiometer, 
which currently is not standard clinical practice. Using a tensiometer to obtain tension 
data entails a more invasive approach, and more time at the operating room (Livesay et 
al., 1995).  Moreover, some studies have suggested that the pre-tension applied to ACL 
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grafts is released soon due to remodeling (Peña et al., 2005) and viscoelasticity (Pioletti 
et al., 1998) post-operatively.

 From a knee modeling perspective, the current results facilitate the fine-tuning of 
the ACL parameters, such as the slack length (Blankevoort and Huiskes, 1991; Limbert 
et al., 2004), the flexion-angle dependent stiffness, and the level of pre-tension in 
certain ranges of flexion. These parameters have been shown to have a significant 
effect on the tibio-femoral joint kinematics (Dargel et al., 2007; Li et al., 2005). A 
similar experiment could also be performed to determine the mechanical response 
of the posterior cruciate and collateral ligaments. The final set of parameters could 
subsequently be validated against in vivo laxity tests, such as the drawer test, to verify 
the functional laxity of the knee (Limbert et al., 2004).

 We conclude that the slackness and stiffness of ACL are dependent on the flexion 
angle, in such a way that the mechanical properties are optimized for the region in 
which the ligament is engaged the most, such as in extension (0-30°) and deep flexion 
(120-150°). These findings may be of clinical relevance for ACL reconstructive surgery, 
and are furthermore useful for implementing the mechanical response of the ACL in 
computational models of the human knee.
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 Providing a patient-specific 3D knee finite element (FE) model is one of the 
proposed solutions to optimize the ACL reconstruction result. An ACL reconstruction 
is the common solution to treat an ACL injury and to obtain a well-functioning knee 
(Beynnon et al., 2002). By using FE modeling, we can simulate and subsequently 
analyze the effects of important parameters that are influencing the surgical outcome 
and which are difficult to assess in experiments (Peña et al., 2006) or during surgery.

 Before performing these biomechanical computer simulations, the FE models 
need to be validated.  The reliability of the knee model is strongly depended on 
an appropriate geometrical reconstruction, realistic mechanical behavior of the 
surrounding soft tissues (Peña et al., 2006) and adequate boundary conditions of 
the model (i.e. kinematics and muscle forces) (Besier et al., 2005). The gold standard 
used to validate FE models may be an experimental (cadaveric) assessment. In that 
case, the quality of the FE model simulation result becomes directly dependent on 
the quality of the experimental data which is obtained from the experiment (Beillas 
et al., 2004). 

 An essential step to reconstruct a cadaver or patient-specific FE knee model is to 
develop a 3D knee joint geometrical model. Some factors should be considered during 
the model development i.e. the time, accuracy and costs and these factors are not 
independent from each other. The development time includes the scanning time of the 
knee to have a better digital image quality. Subsequently, the segmentation procedure 
to reconstruct the 3D geometrical model from the image is usually labor (and time) 
intensive. In addition, the accuracy of the model is associated with the accuracy of both 
the geometry and material properties of the knee bones and soft tissue structures. 
The costs include the costs for the scanning, experimental assessments and model 
development. 

 For example, the obtained accuracy of the geometry will be influenced by the 
scanning sequence. By using other (more time consuming) scanning sequences it is 
possible to increase the image contrast for each knee structure. Furthermore, different 
image sequences can be combined (fused) to improve the noise-to-signal ratio of 
different types of structures (e.g. for the bone a different optimal sequence may be 
used as compared to the meniscus tissue). A better image quality will increase the 
visibility and shape (resolution) of the knee structure. Hence, improved image quality 
will lead to a better and faster segmentation of the knee tissues. 

 Based on the application of our study, we still used a CT and an MRI scanner with 
a standard clinical scanning sequence (Chapter 2) to scan the full knee bones structures 
(femur, tibia, fibula and patella) and the short knee bones ( around 20 cm upper and 
below knee joint cavity) and soft tissues. The scanning time of the CT and MRI was also 
still reasonable: 6.5 minutes (2200 slices) and 12 minutes (230 slices) on average for 
the CT and MRI scans, respectively. The scanning yielded the images with an adequate 
contrast and provided enough information of the bone structures to be segmented. 
In this thesis we show that we have been successful to develop the knee geometrical 
model which consists of bone and soft tissues structure. We were also successful to 
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develop the bone geometrical models with a good quality and the same knee bones 
volume models from two different images sources i.e. MRI and CT.

 By using thin slices of the MRI and CT images, we found that we can develop 
a smoother 3D knee geometrical model. However, we found that the process of 
segmentation was more time consuming. We required more time to segment, especially, 
the bones structures from the CT scan images, due to the high number of image slices 
which had to be manually segmented. We also scanned with two different scanning 
modalities (CT and MRI) which increased the required time as well, but allowed for the 
creation of a knee model which contained the soft tissue structures (MRI-based) and 
the density distributions within the bones (CT-based). 

 By using a clinical scanning sequence, we had great difficulties to recognize the 
soft tissue structure in detail (e.g. for the ligaments: shape and attachment sites) which 
greatly hampered the segmentation process. This problem will have a significant impact 
on the segmentation time and obtained quality of the segmented tissues. Hence, it is 
critical to improve the quality of the MRI scans regarding of the soft tissue images if we 
were to generate truly patient specific knee models.

 Because we found that we could obtain bone geometry from the MRI scans in an 
accurate manner, we propose to employ only MRI images as a digital image source to 
develop the knee model. An additional advantage is that the MRI scan is safer for the 
patient as compared to the CT scan from a radiation exposure point of view. The MRI 
image quality can probably be further improved by scanning the knee using a circular 
polarized extremity coil in supine and extension position (leg externally rotated 10° to 
15°). Another scanning MRI sequence i.e. T1- weighted spin-echo sequence (TR 300 
ms, TE 30 ms, 5 slices, slice thickness 3.0 mm, gap size 0.5 mm, matrix 256 x 360) can 
be used to scan the knee in order to improve upon the image quality of the knee soft 
tissue anatomy, especially ACL, PCL and intercondylar roof. This MRI scan protocol has 
been successfully applied by Staeubli and colleagues (Staeubli et al., 1999) to assess 
the anatomy of the intact ACL, PCL and femoral intercondylar notch on cryosections 
of a knee cadaver specimen in the coronal oblique plane oriented parallel to the 
intercondylar roof.

 Another requirement to improve upon the segmentations of knee anatomical 
structures is a higher level of knowledge to recognize the tissues on the MRI images. 
Obviously training with an experienced radiologist would be optimal but it is important 
to realize that the researcher has to train him/herself in segmenting these complex 
structures. It would therefore be recommendable to perform training sessions with 
an experienced radiologist on images of cadaver knees which are also anatomically 
dissected to enhance the understanding of the complexity of the knee structures 
around the knee joint. 

 One of our studies evaluated the intra and inter variability of the identification of 
knee ligament attachment sites in MRI scans (Chapter 3). Accurate identification of these 
sites are very crucial in order to predict the mechanical behavior of the particular knee. 
We involved five observers and compared the results with experimental measurements. 
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Previous studies indicated substantial implications when malpositioning the attachment 
sites of the ACL (Bedi et al., 2010; Howell, 1998; Zavras et al., 2005), PCL (Galloway et 
al., 1996; Petersen at al., 1996; Oakes et al., 2003; Shearn et al., 2004; Mannor et al., 
2000; Burns et al., 1995), MCL (medial collateral ligament) (Bartel et al., 1977) and 
LCL (lateral collateral ligament) (Meister et al., 2000). We propose to perform more 
comparative studies using more (cadaver knees) to train researchers and computer 
algorithms to identify true attachment sites. This information can be combined with 
the improved semi- or full automated segmentation procedures. If the modeling tools 
are to be applied in a clinical setting these types of (semi)automated segmentation 
methods become essential. 

 To provide more insights in the ligament fiber orientation in combination with 
the identification of the insertion sites, other MRI-based techniques such as a diffusion 
tensor imaging can be used, which possibly could be used to identify the fibre directions 
of the ligaments (Froeling et al., 2012). Furthermore, the attachment sites could also 
be found in a more robust manner if multiple MRI scans are made in different joint 
(flexion) angles. By extrapolating the direction of the ligament from different angles, 
the attachment sites positions could be identified in a more unique manner thereby 
reducing the intra and inter variability. Obviously, this type of scanning will increase 
time and costs and it remains to be proven that this method indeed improves accuracy 
of the methods. The live wire method is one example of semi-automatic segmentation 
method which introduced by Barrett and Mortensen (1997) and implemented by 
Zheng et al. (Zheng et al., 2011) to segment lumbar vertebrae. This method seems also 
suitable to segment the soft tissue structures from the MRI images. 

 Another approach for semi-automatic segmentation is the integrated mesh-
morphing approach which can be used to segment bone cartilage (femoral, tibial and 
patellar) and patella bone and has been published by Baldwin et al. (Baldwin et al., 
2010). Their study proved that their segmentation could create hex-meshes of knee 
soft tissue structures and bone structure from MRI images with an average geometric 
difference of 0.54 mm (root mean square) and a peak difference of contact pressure 
of less than 5.3% (quasi-static analyses over a range of flexion angles) between semi-
automated and a manually developed model.  

 Another semi-automatic segmentation has been implemented by Swanson et al. 
(Swanson et al., 2010) to segment meniscus tissue.  They segmented the meniscus by 
first seeding the meniscus area manually and followed to calculate thresholding level 
through a Gaussian fit model. Their segmentation process was ended by conditional 
dilation and post-processing under anatomical, intensity and range constrains. Their 
study showed that the segmentation produced accurate and consistent segmentations 
of the meniscus. 

 In order to reduce the time of model development, after extracting many meshes 
of the knee 3D geometrical structures, a database of aligned surface knee model 
structures can be built.  According to a study published by Schuman et al., the database 
development is the first step to use a statistical shape model (SSM) (Schumann et 
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al., 2010). By using the SSM method, we can possibly develop the subject-specific 
3D surface models from some or limited 2D images such as X-ray or fluoroscopy. By 
extracting patient-specific information from 2D images, the morphology of the knee in 
the database can be statically analyzed and used to compute a new shape and create a 
new 3-D model. The variability in the database is computed using principal component 
analysis (PCA). 

 The 2D/3D reconstruction method has been successfully used to reconstruct 3D 
geometries from 2D images such as a proximal femur (Zheng and Schumann, 2009; 
Schumann et al., 2010; Boussaid et al., 2011), bone cartilages (femoral, tibial and patellar) 
and patella bone (Baldwin et al., 2010), pelvis (Zheng, 2010); hip joint (Schumann et al., 
2013) and lumbar vertebrae (Zheng et al., 2011). We propose to use this method for 
future application to develop bones and soft tissue structures of the knee. The method 
could also be used in a semi-3D manner in which some slices of the MRI images are 
required to fit the statistical shape model. Hence, statistical shape models can be applied 
using either 2-D or sparse 3-D imaging information. An obvious disadvantage of this 
method is that the modes of variability of the structures need to be incorporated in the 
training data set. Hence, severe pathological (shape) cases will not be captured by this 
type of segmentation unless they are included in the training set. 

 The consideration to include the posterior knee capsule (Chapter 4) to the knee 
joint model is the next things to improve in order to have a model closely mimicking 
the native knee. We therefore considered the role of the posterior knee capsule, 
which influences the biomechanics of the knee joint especially at full knee extension 
(Moeizadeh and Engin, 1983). The calculations in our study estimated that the posterior 
knee capsule produced a force about more than half a body weight during 10 degree 
of hyperextension of the knee. Hence, we have shown that the posterior knee capsule 
may considerably affect knee biomechanics. The absence of this structure in the 
biomechanical models will not only create lower contact forces at full extension, but 
also triggers errors in other structures which (partly) take over the function of the 
posterior capsule at full flexion. How large these errors are remains to be seen and 
biomechanical models (in combination with experimental measurements) can be used 
to provide more insights in this. 

 Simulating the knee capsule is highly challenging. The anterior and side parts of 
the capsule are very narrow, whereas the posterior part is wider (which is the reason 
that we selected the posterior part of the capsule as we could obtain test specimens). 
In the anterior part, the knee joint capsule attaches to the quadriceps and patellar 
tendons (Ralphs and Benjamin, 1994); on the medial and lateral sides, the capsule is 
blended with the ligament and the meniscus. The knee capsule is a highly complex 
structure, with non-homogeneous material constituents and a varying fiber orientation 
and distribution. Therefore, further mechanical tests are required to obtain the 
mechanical properties. 

 To understand the complex behavior of the knee and its soft tissue better one 
could also opt to use (dynamic) MRI imaging. More detailed measurements relative to 
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knee joint kinematics such as while performing a daily activity can be further performed 
using the dynamic MRI. For instance, dynamic MRI is feasible to examine abnormal 
knee joint mechanics due to an MCL injury (Studler et al., 2011) and to evaluate in-vivo 
load-dependent variations in tibio femoral and patella femoral kinematic (Westphal 
et al., 2013). Using dynamic MRI a knee could be loaded (e.g. in varus or valgus) and 
the strains could be assessed from the images. These experimental conditions could 
be simulated with the FE models so as to tune the mechanical properties of the soft 
tissues in the model. These experimental-simulation combinations could also be used 
to define the slack lengths of the various ligaments as we know that this parameter is 
considerable affecting the biomechanical behavior of the knee.  

 By using a validated knee joint model, the surgeon can use it to simulate the 
important parameters for achieving the most optimal ACL reconstruction. The 
simulation possibly gives a description of the knee kinematics after surgery and 
the force distribution during the physical activities. Furthermore, it could assist in 
determining the optimal rehabilitation program for patient after surgery. We believe 
that with the current ACL reconstruction techniques, the cartilage will have a different 
stress pattern than physiologically and the challenge of the reconstructive surgery is to 
generate kinematics, strain and stress patterns which are as physiological as possible. 
With a patient specific imaging-modeling approach as described in this thesis that goal 
becomes more feasible, although there is a long road ahead to apply these techniques 
in the clinic.

 In summary, by performing the studies as described in this thesis, we have 
made a step forwards to develop tools to simulate ACL injured patients in a patient-
specific manner. We have added knowledge about the posterior knee capsule which is 
important at full extension and assessed ACL behavior in-situ. It is clear that there is still 
a long way to go in terms of imaging, segmentation and determination of mechanical 
properties, before actual patients can be simulated in a fast and accurate manner. 
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 Reconstruction of the anterior cruciate ligament (ACL) is a common procedure 
to treat chronic instability of knees due to ACL insufficiency (Beynnon et al., 2002). 
The goal of ACL reconstruction is to restore patient function, while preventing later 
degeneration of the knee, and to restore the knee joint stability and function after 
ACL injury (Cesar et al., 2008; Gao and Zheng, 2009). In some cases, unfortunately, the 
results are still unsatisfying, resulting in failed prevention degenerative alterations of 
the injured knee joint (Dargel et al., 2007), or a failed restoration of the ACL biology 
and physiology (Beasley et al., 2005). 

 We hypothesize that the reason of failure of ACL reconstructions is the fact that 
reconstructions are performed in a highly standardized manner. However, since the 
average patient does not exist, this solution may not be optimal for the individual 
patient. To optimize the results, we hypothesized that ACL reconstructions should be 
performed in a personalized manner. In order to assist the orthopaedic surgeon on 
individualizing the ACL reconstruction, we proposed to use finite element modeling, 
which enables the  analysis of the optimal surgical parameters, such as the optimal 
location of the graft insertion sites in the femur and tibia, and the optimal length and 
pre-stress of the graft.

 The development of an appropriate subject-specific 3D knee joint model from CT 
and MRI images was the first concern to create finite element models. We evaluated 
the work flow to model the knee joint (Chapter 2) in order to investigate the balance 
between the invested time and the resulting quality of the geometrical representation 
between models based on either CT or MRI data are presented. The accuracy of 
identifying the knee ligament attachment sites in the model, which is essential to 
achieve an accurate biomechanical model of the human knee joint, was studied in 
Chapter 3. This study involved various observers to identify the insertion and origo sites 
of knee ligaments on MRI scan images. 

 Subsequently, the mechanical properties of the knee joint capsule were studied in 
Chapter 4 to achieve a reliable finite element knee joint model. This structure, which 
provides stability to the joint by limiting joint movement, specifically in full extension 
(Ralphs and Benjamin, 1994), has not been studied extensively in previous studies. 
Finally, the mechanical behavior and slack length of the ACL were assessed at multiple 
flexion angles (Chapter 5). This information can be further used to tune the ACL tension 
and validate finite element models of the knee.  

 In the current chapter, we summarize the methods and main finding which have 
been obtained in this thesis.  

Knee geometrical model development
 In Chapter 2 we described methods to develop subject-specific 3D knee models, of 
which variations strongly influence mechanical calculations of finite element analyses. 
CT data was used to generate 3D geometrical models of the knee bones, and MRI 
images were used to generate 3D models of the knee bones and soft tissues. We also 
developed a new knee model that combined the CT-based bone models with the MRI-
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based soft tissue models, and compared the knee model reconstruction of the same 
subject between CT-based bone model and MRI-based bone model.

 We found some parameters which are important to consider during knee model 
development. By using CT and MRI images at clinical scanning sequences, the volumes of 
the three large knee bones (tibia, femur and fibula) were comparable. With volumetric 
differences lower than 7%, we succeeded to register the CT-based bone models to 
MRI-based knee model, with an acceptable average error of 1.02 mm. By doing the 
registration, we successfully generated a new knee model, combining bone geometries 
from CT and soft tissue geometries from MRI.

 We suggest that a faster and reproducible segmentation method is needed to 
define the anatomical knee structures in detail. Manual segmentation in particular 
is a very time-consuming process, which is furthermore influenced by the quality of 
the scan images and anatomical variations. To reduce the segmentation process, we 
evaluated the scalability of knee geometries by comparing their volumes. Unfortunately, 
we found no common scalable factor in our knee models. 

Generating finite element models of the knee; how accurate can we 
determine ligament attachment sites from MRI scans?

 The exact locations of the ligaments in the knee bones are essential for proper 
dynamic functioning in finite element model analysis. To test the identification of the 
ligament attachment sites, we performed an MRI-based study using scans of a cadaveric 
knee. As described in Chapter 3, we evaluated the intra- and inter-observer (five 
observers) variability when determining the four main knee ligament attachment sites. 
The MRI-based observations were then compared with actual physical measurements 
of the same cadaver knee.

 This study showed a reasonable intra- and inter-observer accuracy. The results 
were dependent on the specific structure; some structures, such as the superficial 
MCL insertion site, were difficult to identify (accuracy 16.8 mm). The slice thickness of 
the MRI images, the choice of MRI plane view in which the observer determined the 
attachment sites and the difference in interpretation of the scan data influenced the 
accuracy. 

 Compared to the MRI-based measurement, the mean accuracy relative to the 
physical measurement was lower for all measurements, especially for the MCL insertion 
sites of both the deep and superficial MCL (errors greater than 20 mm). The difference 
could be due to the relatively large area of the attachment site, particularly for the 
superficial MCL, which has been reported by Liu et al. (Liu et al., 2010) to reach up to 
348.6 ± 42.8 mm2. The large area evidently increases the room for error when defining 
the attachment site.

 Relative to mean MRI determination and physical cadaver measurement, the 
precision of the ACL origon and superficial MCL insertion were the lowest for intra-
observer and inter-observers, respectively. This fact showed that it was still complex 
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to identify these two attachment sites. This also happened for the deep MCL, in which 
the precision and accuracy within and between observers were similar.

 From a biomechanical point of view, the magnitude of the errors can have a 
substantial effect on the joint kinematics and mechanics. Previous studies showed the 
effects of improper placement during ACL (Bedi et al., 2010; Howell, 1998; Zavras et 
al., 2005), PCL (Galloway et al., 1996; Petersen et al., 1996; Oakes et al., 2003; Shearn 
et al., 2004, Mannor et al., 2000 and Burns et al., 1995), MCL (Bartel et al., 1977) and 
LCL reconstructions (Meister et al., 2000). These types of errors and the effects can 
be analyzed optimally by using a validated finite element model of the knee joint. 
However, we also realized that the magnitude of errors were too large to generate a 
reliable subject-specific biomechanical model. 

Material properties of human posterior knee capsule
 The majority of the existing models do not include a representation of the 
posterior knee capsule. According to Ralphs and Benjamin (Ralphs and Benjamin, 
1994), however, the joint capsule of the knee also contributes to limit joint movement 
and provides considerable joint stability. The posterior knee capsule specifically has a 
significant mechanical influence in knee extension (Moeizadeh and Engin, 1983).

 To incorporate the posterior capsule in 3D knee models, in Chapter 4 we described 
a molding procedure and semi-static tensile tests to quantify the geometrical and 
mechanical properties of the human posterior knee capsule. The study provided the 
geometry and mechanical properties of the posterior knee capsule for 3D biomechanical 
modeling, which to our knowledge, is currently not available.

 The 3D geometry and the average cross-sectional area of the knee capsule were 
reconstructed and calculated by using an alginate molding procedure. We found that 
the capsule thickness has considerable variations in cross-sectional area. In addition, 
by loading the specimen under displacement control, we found that the locations of 
failure within the specimens were also random and not associated with the smallest 
cross-sectional area or highest local strain. Our results showed that the posterior 
capsule is a structure with highly inhomogeneous material properties.

In-situ mechanical behavior and the slack length of the anterior 
cruciate ligament at multiple knee flexion angles. 

 In Chapter 5 we quantified of the in situ tension and slack length of the ACL, under 
flexion angles ranging from 0° to 150°. We were interested to quantify how slack and 
how tensed the ACL becomes at different knee angles. The results from this study are 
useful to verify the mechanical behavior of the ACL at different knee flexion angles, and 
to tune the ACL tension in computational models of the knee. 

 After releasing the ACL at its tibial insertion attachment site, we connected the 
ligament to a tensiometer. We placed the knee at set knee angles and measured the 
ACL tension at different lengths (0.5N) and tight (>20N).  In the neutral position (no 
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elongation), we found ACL tension characteristics with a U-curve shape, similar to 
Arnold et al. (Arnold et al., 2004). We found that the slack length of the ACL depended 
on flexion angle, and was highest at intermediate knee flexion angles. 

 Another finding was that the ACL displays a different stiffness at different knee 
flexion angles. After correcting for the ACL slackness, our results showed that the ACL 
stiffness was lower at intermediate knee flexion angles, and higher at low and high 
knee flexion angles. The results also have the same agreement with previous study 
that each ACL bundle was active at different knee position (Girgis et al., 1975; Arnoczky, 
1983; Zanthop et al., 2006). The recruitment of the ACL active fiber was different at 
each knee flexion angle, so that the displacement load which required to active all 
bundles to reach certain ACL tension will be different.
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 Rekonstruksi anterior cruciate ligament (ACL) merupakan prosedur umum yang 
dilakukan untuk mengobati gangguan stabilitas lutut kronis yang disebabkan oleh 
gangguan atau cedera ACL (Beynnon et al., 2002). Tujuan dari rekonstruksi ACL ini 
adalah untuk mengembalikan fungsi lutut pasien, mencegah penurunan fungsi lutut 
yang berkelanjutan, serta mengembalikan stabilitas dan fungsi sendi lutut pasca cedera 
ACL (Cesar et al., 2008; Gao and Zheng, 2009). Pada beberapa kasus, sangat disayangkan 
bahwa hasil rekonstrusi ACL belum memuaskan, dimana masih gagal untuk mencegah 
cedera lanjutan atau perubahan penurunan fungsi dini cedera sendi lutut (Dargel et 
al., 2007) serta gagal untuk mengembalikan fungsi ACL secara biologis dan fisiologis 
(Beasley et al., 2005).

 Hipotesis penyebab kegagalan rekonstruksi ACL tersebut adalah bahwa pada 
kenyataannya rekonstruksi dilakukan dengan cara yang sangat standar (yaitu 
menggunakan metoda yang sama untuk setiap pasien). Namun, karena sifat setiap 
pasien itu berbeda, maka solusi tersebut mungkin tidak optimal untuk setiap pasien.

 Untuk mengoptimalkan hasil rekonstruksi, kita berhipotesis bahwa ACL rekonstruksi 
harus dilakukan secara personal (spesifik). Guna membantu dokter bedah ortopedi 
dalam melakukan rekonstruksi ACL untuk setiap individu pasien, kami mengusulkan 
untuk menggunakan Finite Element Model (FEM), yang memungkinkan melakukan 
analisis berbagai parameter yang diperlukan untuk melakukan proses pembedahan 
(baik sebelum atau ketika berlangsung pembedahan) agar diperoleh hasil secara 
optimal, seperti menentukan lokasi optimal penempatan ‘graft’ ACL pada tulang femur 
dan tibia, serta menentukan panjang optimal dan kekencangan awal ‘graft’.

 Pengembangan sebuah model 3 Dimensi (3D) sendi lutut  yang spesifik untuk 
setiap subjek pasien berdasarkan gambar hasil scan Computed Tomography (CT) dan 
Magnetic Resonance Imaging (MRI) merupakan langkah pertama untuk merealisasikan 
FEM. Kami melakukan evaluasi alur kerja untuk memodelkan sendi lutut (Bab 2) guna 
mengetahui perbandingan antara waktu yang diperlukan dan kualitas representasi 
model secara geometris yang dihasilkan antara model yang dihasilkan dari gambar CT-
scan dan MRI-scan. Ketepatan mengidentifikasi tempat-tempat melekatnya ligamen 
lutut dalam model, yang sangat penting untuk memperoleh sifat biomekanik dari sendi 
lutut manusia secara akurat, dibahas pada Bab 3. Penelitian ini melibatkan sejumlah 
pengamat untuk mengidentifikasi melekatnya ligamen-ligamen lutut pada tulang femur 
(origo) dan melekatnya ligamen-ligamen lutut pada tulang tibia dan fibula (insertio) 
dari satu set gambar MRI-scan sendi lutut.

 Selanjutnya, sifat mekanik capsule (kapsul) sendi lutut dipelajari juga dalam Bab 
4 untuk memperoleh suatu FEM sendi lutut yang handal dan lebih lengkap. Kapsul 
sendi lutut ini memberikan stabilitas untuk sendi lutut dengan cara membatasi gerakan 
sendi, khususnya dalam gerakan untuk meluruskan kaki secara sempurna (Ralphs dan 
Benjamin,1994), dimana hal ini belum pernah diteliti secara ekstensif dalam penelitian-
penelitian sebelumnya. 
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 Hal terakhir yang diteliti pada penelitian ini yaitu sifat mekanik dan kekenduran 
ACL (panjang ACL ketika dalam kondisi kendur) pada berbagai sudut sendi lutut 
ketika ditekuk (Bab 5). Informasi ini dapat lebih jauh digunakan untuk menyesuaikan 
ketegangan ACL dan memvalidasi FEM sendi lutut .

 Dalam bab ini, kami merangkum metode-metoda dan temuan utama yang telah 
diperoleh dari semua penelitian.

Pengembangan model geometris lutut
 Pada Bab 2 dijelaskan metode untuk mengembangkan model lutut 3D yang 
spesifik untuk setiap subjek pasien, yang mana sangat mempengaruhi perhitungan 
mekanik analisis FEM. Dengan metoda segmentasi gambar-gambar digital, gambar CT-
scan digunakan untuk membuat model geometris 3D dari tulang-tulang lutut (femur, 
tibia, fibula dan patella), dan gambar MRI-scan digunakan untuk membuat model 3D 
dari tulang-tulang lutut (femur, tibia, fibula dan patella) dan sejumlah jaringan lunak 
(ligamen-ligamen, meniscus, sejumlah cartilage). Kami juga mengembangkan suatu 
model lutut baru yang dihasilkan dari penggabungan model 3D tulang lutut dari gambar 
CT-scan dengan model 3D jaringan lunak dari gambar MRI-scan, serta melakukan 
perbandingan antara model 3D tulang-tulang lutut yang direkonstruksi dari gambar 
CT-scan dan gambar MRI-scan.

 Kami menemukan beberapa parameter yang penting untuk dipertimbangkan ketika 
mengembangkan model 3D lutut tersebut. Dengan menggunakan gambar CT-scan dan 
MRI-scan dengan scanner yang disetting secara standar klinis, diperoleh bahwa volume 
dari tiga tulang-tulang lutut berukuran besar (tibia , femur dan fibula ) memiliki ukuran 
yang sebanding. Dengan perbedaan volumetrik lebih rendah dari 7%, kami berhasil 
untuk melakukan registrasi (mengepaskan) model 3D tulang lutut yang berasal dari CT-
scan terhadap model 3D tulang lutut yang berasal dari MRI-scan, dengan rata-rata error 
yang masih dapat diterima yaitu sebesar 1,02 mm. Dengan melakukan registrasi, kami 
berhasil mengembangkan suatu model lutut baru, yang menggabungkan  model 3D 
tulang lutut dari gambar CT-scan dan  model 3D sejumlah jaringan lunak dari gambar 
MRI-scan.

 Kami berpendapat bahwa metode segmentasi yang lebih cepat dan dapat 
digandakan masih diperlukan untuk menentukan dan membentuk struktur anatomi lutut 
secara rinci. Khususnya proses segmentasi manual dari gambar CT-scan dan MRI-scan, 
masih sangat memerlukan waktu yang relatif lama. Lamanya waktu yang diperlukan 
ini, turut dipengaruhi oleh kualitas gambar dari mesin scanner dan keberagaman sifat 
anatomi lutut itu sendiri. Untuk mengurangi lamanya proses segmentasi ini, kami 
mencoba mengevaluasi prosedur skalabilitas geometri lutut dengan membandingkan 
volume dari setiap struktur anatomi sejenis. Sayangnya, kami tidak menemukan faktor 
skala yang linier dalam model lutut yang kami kembangkan.
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Pembuatan model Finite Element (FE) lutut; Seberapa akurat kita 
dapat mengidentifikasi tempat menempelnya sejumlah ligamen lutut 
dari gambar MRI scan?
 Ketepatan penentuaan lokasi-lokasi sejumlah ligamen pada tulang lutut sangat 
penting untuk melakukan analisis fungsi dinamis FEM lutut secara tepat. Untuk 
meningkatkan hasil identifikasi lokasi ligamen tersebut, kami melakukan studi untuk 
mengidentifikasi posisi sejumlah ligamen lutut mayat (kadaver) berdasarkan gambar MRI-
scan. Seperti dijelaskan dalam Bab 3, kami melakukan evaluasi variabilitas identifikasi 
dari lima orang pengamat (observer) secara intra- dan inter- observer ketika menentukan 
empat lokasi ligamen lutut. Hasil pengamatan berdasarkan gambar MRI-scan ini kemudian 
dibandingkan dengan pengamatan dan pengukuran lokasi sebenarnya (dibedah secara 
fisik) dari lutut kadaver yang sama.

 Penelitian ini menunjukkan akurasi pengamatan secara intra- dan inter- observer 
masih dalam taraf yang wajar. Hasil pengamatan tergantung pada spesifik struktur 
yang diamati, seperti beberapa struktur yang sulit untuk diidentifikasi yaitu lokasi 
melekatnya insertio superficial MCL (Medial Collateral Ligament) dengan akurasi sebesar 
16,81 mm. Ketebalan setiap lembar gambar MRI-scan, pemilihan tampak gambar MRI-
scan oleh pengamat untuk menentukan lokasi tempat menempelnya ligamen dan 
perbedaan interpretasi struktur lutut dari data scanner turut mempengaruhi akurasi 
yang dihasilkan.

 Dibandingkan dengan pengamatan berbasis gambar MRI-scan, rata-rata 
akurasinya relatif rendah jika dibandingkan terhadap pengukuran secara fisik untuk 
semua pengukuran, khususnya untuk lokasi menempelnya MCL baik deep MCL 
maupun superficial MCL (nilai kesalahan lebih besar dari 20 mm) pada tulang tibia 
(insertio). Besarnya perbedaan ini dapat disebabkan karena relatif besarnya daerah 
tempat menempelnya ligamen tersebut pada tulang tibia, terutama untuk deep 
MCL, yang mana luas daerahnya telah dilaporkan oleh Liu et al. (Liu et al., 2010) 
dalam penelitiannya yaitu mencapai hingga 348,6 ± 42,8 mm2. Luas area yang besar 
ini tentu saja meningkatkan ruang bagi pengamat untuk membuat kesalahan ketika 
mengidentifikasi lokasi menempelnya ligamen pada tulang.

 Ketepatan identifikasi origo ACL dan insertio superficial MCL, secara umum relatif 
lebih lebar, baik untuk intra- dan inter- observer jika hasil pengukurannya dibandingkan 
terhadap nilai rata-rata hasil identifikasi observer maupun pengukuran secara fisik 
kadaver. Fakta ini menunjukkan bahwa masih dirasakan sulit untuk mengidentifikasi 
dua lokasi tempat menempel dua ligamen tersebut. Hal ini juga terjadi untuk struktur 
ligamen deep MCL, yang mana memiliki nilai presisi dan akurasi yang serupa baik untuk 
intra- dan inter- observer.

 Dari sudut pandang biomekanik, besarnya kesalahan dapat memberikan efek besar 
pada kinematik dan mekanik sendi lutut. Studi-studi sebelumnya menunjukkan efek 
dari penempatan yang tidak tepat ketika melakukan rekonstruksi ligamen yaitu sebagai 
berikut ACL (Bedi et al , 2010; Howell, 1998; Zavras et al, 2005), PCL (Galloway et al., 
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1996; Petersen et al., 1996; Oakes et al., 2003; Shearns et al., 2004, Mannor et al., 2000 
dan Burns et al., 1995), MCL (Bartel et al., 1977) dan LCL (Meister et al., 2000). Jenis-
jenis kesalahan dan efek-efek dari kesalahan tersebut dapat dianalisis secara optimal 
dengan menggunakan suatu FEM sendi lutut yang sudah tervalidasi. Akan tetapi, kami 
juga menyadari bahwa besarnya kesalahan tersebut terlalu besar untuk menghasilkan 
model biomekanis yang handal untuk spesifik seorang subjek (pasien) tertentu.

Sifat material posterior kapsul lutut manusia
 Sebagian besar model lutut yang ada belum memasukkan keberadaan dari kapsul 
lutut bagian posterior. Padahal, menurut Ralphs dan Benyamin (Ralphs dan Benjamin, 
1994), kapsul sendi lutut juga berkontribusi untuk membatasi gerakan sendi, guna 
memberikan stabilitas sendi. Khususnya posterior kapsul lutut memiliki pengaruh mekanik 
yang signifikan ketika kaki dalam posisi diluruskan (Moeizadeh dan Engin, 1983).

 Untuk memasukkan struktur posterior kapsul dalam model 3D lutut, pada Bab 
4 kita menjelaskan prosedur pencetakan dan tes tarik semi-statis untuk membuat 
bentuk geometris dan mengukur sifat mekanik dari posterior kapsul lutut manusia. 
Studi ini memberikan data geometri dan sifat mekanik dari posterior kapsul lutut untuk 
pemodelan biomekanik 3D lutut, yang mana sejauh sepengetahuan kami, data tersebut 
saat ini tidak tersedia.

 Bentuk geometris 3D dan luas penampang rata-rata kapsul lutut direkonstruksi dan 
dihitung dengan menggunakan prosedur pencetakan menggunakan material alginate. 
Kami menemukan bahwa ketebalan kapsul memiliki variasi yang cukup beragam dalam 
setiap luas penampangnya. Selain itu, dengan memberikan beban terhadap spesimen 
yang dikontrol perpanjangan materialnya, kami menemukan bahwa lokasi sobek 
spesimen juga terjadi secara acak dan tidak selalu terjadi pada lokasi specimen dengan 
luas penampang terkecil atau ketegangan (strain) lokal tertinggi. Hasil penelitian ini 
menunjukkan bahwa posterior kapsul adalah struktur dengan sifat material yang sangat 
tidak homogen.

Sifat mekanik dan panjang kendur dari anterior cruciate ligament 
(ACL) untuk berbagai sudut tekuk lutut secara in-situ
 Dalam penelitian ini kami mengukur ketegangan dan kekendur dari ACL secara 
in-situ (pada lokasi dan objek sebenarnya) pada berbagai sudut tekuk lutut mulai dari 
0° sampai 150°. Kami tertarik untuk menghitung seberapa kendur dan seberapa tegang 
ACL ketika lutut ditekuk pada berbagai sudut yang berbeda. Hasil dari penelitian ini 
berguna untuk memverifikasi sifat mekanik ACL pada sudut-sudut lutut yang berbeda, 
dan untuk menyesuaikan ketegangan ACL dalam model komputasi lutut.

 Setelah melepaskan ACL dari tempat menempelnya di bagian tulang tibia, kami 
menghubungkan ligamen dengan sebuah tensiometer guna mengukur ketegangan ACL. 
Kami menempatkan lutut pada satu set sudut lutut dan mengukur ketegangan ACL 
pada panjang dan ketegangan yang berbeda yaitu besarnya gaya dari 0.5N hingga lebih 
besar dari 20N. Dalam posisi netral (tidak ada perpanjangan), kami menemukan bahwa 
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kurva karakteristik ketegangan ACL berbentuk huruf U, yang sependapat dengan hasil 
penelitian dari Arnold et al.(Arnold et al., 2004). Kami menemukan bahwa panjang 
kekendur ACL tergantung pada sudut tekuk lutut, dan panjang kekenduran terbesar 
terjadi pada sudut-sudut tekuk lutut intermediate (sudut 60° sampai 105°).

 Temuan lain adalah bahwa ACL menampilkan suatu kekakuan yang berbeda pada 
sudut-sudut tekuk lutut yang berbeda. Setelah melakukan koreksi kekenduran ACL, 
hasil penelitian kami menunjukkan bahwa kekakuan ACL lebih rendah terjadi pada 
sudut-sudut tekuk lutut intermediate, sedangkan kekakuannya terjadi pada sudut-sudut 
tekuk lutut rendah (sudut 0° - 45°) dan tinggi (sudut 120°-150°). Hasil penelitian ini juga 
sependapat dengan penelitian sebelumnya bahwa setiap bundel ACL akan aktif pada 
posisi lutut yang berbeda (Girgis et al., 1975; Arnoczky, 1983; Zanthop et al., 2006). 
Serat ACL yang aktif berbeda pada setiap sudut tekuk lutut, sehingga berat beban 
yang dibutuhkan untuk mengaktifkan semua bundel serat ligamen untuk mencapai 
ketegangan ACL tertentu akan menjadi berbeda.

 Sebagai kesimpulannya, tesis ini menyediakan alat-alat (metoda) dan informasi 
yang dapat digunakan untuk melakukan pengembangan model komputasi lutut, yang 
dapat membantu dalam investigasi sifat dan fungsi dari ACL, serta efek-efeknya pada 
kinematika lutut manusia.
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 Reconstructie van de voorste kruisband (VKB) is een veel gebruikte procedure 
om chronische instabiliteit van de knie als gevolg van een slecht functionerende VKB 
te behandelen (Beynnon et al., 2002). Het doel van een VKB reconstructie is het 
herstellen van de stabiliteit en functie van de knie na letsel en het voorkomen van 
kraakbeendegeneratie op de lange termijn (Cesar et al., 2008; Gao & Zheng, 2009). 
De resultaten van een dergelijke reconstructie zijn helaas niet in alle gevallen 
bevredigend, wat resulteert in een onvolledig of zelfs mislukt herstel van de biologie 
en fysiologie van de VKB (Beasley et al., 2005) en degeneratieve veranderingen van de 
knie (Dargel et al., 2007). 

 De reden van falen van VKB reconstructies is waarschijnlijk toe te schrijven aan 
de zeer gestandaardiseerde wijze van uitvoeren van deze reconstructies. Aangezien de 
‘standaard’ patiënt niet bestaat, is een gestandaardiseerde ingreep mogelijk niet de 
meest optimale oplossing voor de individuele patiënt. 
Onze hypothese is dat, om de resultaten van VKB reconstructies te optimaliseren, VKB 
reconstructies specifiek voor de individuele patiënt moeten worden uitgevoerd. 

 Om de orthopedisch chirurg te helpen bij het individualiseren van VKB 
reconstructies, kunnen eindige elementen analyses gebruikt worden om chirurgische 
parameters, zoals de locatie van de inserties van het transplantaat in het femur en de 
tibia en de lengte en voorspanning van het transplantaat, te optimaliseren.

 Het eerste punt van aandacht bij het creëren van eindige elementen modellen 
was het ontwikkelen van een geschikt patiënt-specifiek 3D model van het kniegewricht 
gebruik makende van CT en MRI beelden. We hebben de workflow geëvalueerd voor het 
modelleren van het kniegewricht (Hoofdstuk 2) om te onderzoeken wat de verhouding 
is tussen de geïnvesteerde tijd en de resulterende kwaliteit van de geometrische 
representatie van modellen gebaseerd op CT of MRI data. 
In Hoofdstuk 3 hebben we de nauwkeurigheid waarmee de aanhechtingspunten 
van knieligamenten in het model geïdentificeerd kunnen worden, bestudeerd. Deze 
nauwkeurigheid is van essentieel belang om een representatief biomechanische 
model van het menselijke kniegewricht te creëren. Verschillende observers hebben 
meegedaan in deze studie om de insertie en origo van de knieligamenten op MRI 
beelden te identificeren.
Vervolgens werden de mechanische eigenschappen van het posterieure kniekapsel in 
Hoofdstuk 4 bestudeerd. Deze structuur, die stabiliteit biedt aan het gewricht door de 
gewrichtsbeweging in volledige extensie te beperken (Ralphs en Benjamin, 1994), is 
nog niet uitgebreid onderzocht in eerdere studies. Tenslotte werden het mechanisch 
gedrag en laxiteit van de VKB in verschillende flexiehoeken bepaald (hoofdstuk 5). Deze 
informatie kan verder gebruikt worden voor het afstemmen van de voorspanning van 
de VKB en het valideren van eindige elementen modellen van de knie.
In dit hoofdstuk worden de methodes en de belangrijkste bevindingen uit dit proefschrift 
samengevat.
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Ontwikkeling van een geometrisch model van de knie
 In hoofdstuk 2 worden methoden beschreven voor de ontwikkeling van patiënt-
specifieke 3D-modellen van de knie, aangezien variaties in 3D-modellen de resultaten 
van eindige elementen analyses sterk kunnen beïnvloeden. CT data werd gebruikt om 
3D modellen van de botten van de knie te creëren en daarnaast werden MRI beelden 
gebruikt om 3D modellen te creëren van de botten en de zachte weefsels. Vervolgens 
hebben we een nieuw kniemodel ontwikkeld, waarbij de modellen van de botten, 
verkregen uit de CT beelden, werden gecombineerd met modellen van de zachte 
weefsels, verkregen uit de MRI beelden. Ook vergeleken we de reconstructies van 
het kniemodel van individuele patiënten, waarbij gebruikt werd gemaakt van ofwel 
botmodellen op basis van CT, ofwel botmodellen op basis van MRI. 

 We vonden enkele parameters die van belang zijn bij de ontwikkeling van een 
kniemodel. Door gebruik te maken van CT- en MRI beelden op klinische scanning 
sequenties konden de volumes van de drie grote kniebotten (tibia, femur en fibula) 
worden vergeleken. Met volumetrische verschillen kleiner dan 7%, zijn we erin 
geslaagd om de botmodellen op basis van CT beelden te registreren ten opzichte van 
botmodellen op basis van MRI beelden, met een acceptabele foutmarge van 1,02 mm. 
Door deze registratie is het gelukt om een nieuw kniemodel te genereren, waarbij de 
geometrie van de botten bepaald werd met CT en de geometrie van het omringende 
zachte weefsel met MRI.

 We constateren dat een snellere en beter reproduceerbare segmentatiemethode 
nodig is om de anatomische structuren in de knie te bepalen. Handmatige segmentatie 
in het bijzonder is een zeer tijdrovend proces, dat bovendien wordt beïnvloed door 
de kwaliteit van de scanbeelden en door anatomische variatie. Om de tijd die het 
segmentatieproces kost te reduceren, hebben we de schaalbaarheid van de knie 
geometrieën geëvalueerd door de volumes van de knie geometrieën te vergelijken. 
Helaas vonden we geen algemeen schaalbare factor in onze kniemodellen. 

Het genereren van een eindig elementen model van de knie; hoe precies kunnen we 
de locaties van de aanhechtingen van ligamenten vaststellen op basis van MRI scans?

 De precieze locaties van de gewrichtsbanden in de knie zijn cruciaal om de dynamica 
van het kniegewricht nauwkeurig te kunnen simuleren in een eindige elementen model. 
Om de aanhechtingsplekken van de ligamenten in de knie te onderzoeken, hebben 
we een studie uitgevoerd met gebruikmaking van MRI-scans van een kadaver knie. 
Zoals beschreven in Hoofdstuk 3, hebben wij de intra- en inter-observator variabiliteit 
(vijf observators) geëvalueerd bij het bepalen van de aanhechtingen van de vier 
belangrijkste ligamenten in de knie. De observaties in de MRI-data zijn vergeleken met 
fysieke metingen in dezelfde kadaver knie.

 De studie toonde een redelijke intra- en inter- observator nauwkeurigheid aan. 
De resultaten waren afhankelijk van de specifieke structuur; sommige structuren, zoals 
de aanhechting van de oppervlakkige mediale collaterale band, waren moeilijk om te 
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identificeren (nauwkeurigheid van 16.81 mm). De coupedikte van de MRI-beelden, de 
keuze van het MRI vlak waarin de observator de aanhechting bepaalde en het verschil 
tussen interpretatie van de scangegevens beïnvloedden de nauwkeurigheid.

 De gemiddelde nauwkeurigheid ten opzichte van de fysieke meting was voor alle 
metingen lager dan de nauwkeurigheid van de MRI-gebaseerde metingen. Dit gold met 
name voor de aanhechtingsplaats van de diepe en oppervlakkige mediale collaterale 
band (fouten groter dan 20 mm). Het verschil zou veroorzaakt kunnen worden door de 
relatief grote oppervlakte van de aanhechtingsplaats, met name voor de oppervlakkige 
mediale collaterale band. Zo hebben Liu et al. (Liu et al., 2010) laten zien dat de 
oppervlakte van de aanhechtingsplaats van dit ligament kan oplopen tot 348.6 ± 42.8 
mm2. Bij het identificeren van de aanhechtingsplaats leidt een grotere oppervlakte 
klaarblijkelijk tot grotere fouten. 

 Ten opzichte van de gemiddelde MRI bepaling en de fysieke kadaverexperimenten 
was de precisie van de origo van de voorste kruisband (VKB) en de insertie van het 
oppervlakkige mediale collaterale band het kleinst voor intra- en interobserver 
metingen. Deze bevinding laat zien dat het duiden van de twee aanhechtingspunten 
complex is. 

 Vanuit een biomechanisch oogpunt kan de grootte van de fout een substantieel 
effect hebben op de gewrichtskinematica en -mechanica. Eerdere studies lieten effecten 
zien van een onjuiste positionering tijdens reconstructies van de voorste kruisband 
(Bedi et al., 2010; Howell, 1998; Zavras et al., 2005), achterste kruisband (Galloway  
et al., 1996; Petersen et al., 1996; Oakes et al., 2003; Shearns et al., 2004, Mannor et al., 
2000 and Burns et al., 1995), mediale (Bartel et al., 1977) en laterale collaterale band 
(Meister et al., 2000). Dit soort meetfouten en hun effect kunnen optimaal geanalyseerd 
worden met behulp van een Eindige Elementen Model van het kniegewricht. 

De materiaaleigenschappen van het humane posterieure kniekapsel

 De meerderheid van de bestaande modellen van het kniegewricht bevat geen 
representatie van het posterieure kniekapsel. Volgens de bevindingen van Ralphs 
en Benjamin (Ralphs en Benjamin, 1999) beperkt het kapsel echter de beweging 
van het kniegewricht en speelt het een belangrijke rol bij de stabiliteit van de knie. 
Het posterieure kniekapsel is met name belangrijk bij volledige extensie van de knie 
(Moeizadeh en Engin, 1983). 

 Om het posterieure kapsel op te nemen in 3D modellen van het kniegewricht, 
beschrijft Hoofdstuk 4 methoden om de geometrische en mechanische eigenschappen 
van het humane posterieure kniekapsel te bepalen. Hiervoor zijn 3D mallen gemaakt 
van specimens van het kniekapsel die vervolgens onderwerpen zijn aan quasi-statische 
trektesten. Deze informatie, die tot nu toe niet beschikbaar was in de literatuur, kan 
ingezet worden om biomechanische modellen van het kniegewricht uit te breiden. 

 De 3D geometrie en de gemiddelde doorsnede van het kniekapsel zijn 
gereconstrueerd middels een mal van alginaat. De doorsnede van het kapsel vertoonde 
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aanzienlijke variatie. Uit verplaatsingsgestuurde trektesten bleek dat de specimens 
faalden op willekeurige locaties, die niet overeen kwamen met de kleinste doorsnede 
van het specimen of de locatie waar de rek het hoogst was. Onze resultaten tonen 
aan dat de materiaaleigenschappen van het posterieure kniekapsel in grote mate 
inhomogeen zijn. 

In situ mechanisch gedrag en de laxiteit van de voorste kruisband onder verschillende 
knie hoeken

 In hoofdstuk 5 is de spanning en laxiteit van de VKB bij kniehoeken tussen de 
0° en 150° gekwantificeerd. Door te bepalen hoe ontspannen en hoe gespannen 
de VKB is onder verschillende kniehoeken kan het mechanisch gedrag van de VKB 
geverifieerd worden, en kan de spanning in een computer model van de knie worden 
geoptimaliseerd.

 Na het los maken van de VKB van de tibia, werd deze verbonden aan een 
spanningsmeter. Afhankelijk van de situatie werd vervolgens werd de laxiteit of de 
voorspanning gemeten onder verschillende kniehoeken. In de neutrale positie, zonder 
verlenging, werd een U-curve gevonden voor de voorspanning in de VKB, vergelijkbaar 
met bevindingen van Arnold et al. (Arnold er al., 2004). Het bleek dat de laxiteit van 
de VKB afhankelijk is van de kniehoek, waarbij de hoogste laxiteit gemeten werd bij 
kniehoeken tussen de 75 en 90 graden flexie.

 Verder werd gevonden dat de stijfheid van de VKB afhankelijk is van de kniehoek. 
Na correctie van de VKB laxiteit werd gevonden dat de VKB met name een hoge stijfheid 
heeft in extensie en in diepe flexie. Dit komt overeen met een vorige studie waaruit 
bleek dat de vezel bundels in de VKB geactiveerd worden bij verschillende kniehoeken 
(Girgis et al., 1975; Arnoczky, 1983 ; Zanthop et al., 2006). De rekrutering van de actieve 
VKB vezels was verschillend voor iedere kniehoek, waardoor er verschillen optraden in 
de verlenging die nodig is om een bepaalde VKB spanning te bereiken.
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