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Abstract  

The aim of this study is to investigate the biomechanics of the patellofemoral joint 

in an in-vitro model. The project has three objectives: Firstly, a process needs to be 

designed that is able to estimate the geometry of the patellofemoral joint cartilage. 

Secondly, cartilage compression as a result of the investigated movements are 

determined. Finally, the associated stresses are estimated. The outcome of the 

objectives will provide information on the degree of cartilage deformation during 

different functional tasks. 

The geometry of the patellar cartilage was estimated through the use of kinematics, 

the bones from the CT scans of the patella and femur, and the MRI scans of the 

uncompressed patellofemoral cartilage. This process included reproducing the 

kinematic models of two knees for a passive and squat motion and then using the 

results to estimate the patellar cartilage. It was found that the process was able to 

estimate the geometry of the patellar cartilage through the application of the 

kinematics and the uncompressed cartilage produced by the MRI scans. It was noted 

that the cartilage geometry differed between motions and between investigated 

knees in terms of thickness, but in general conformed to the geometry of patellar 

cartilage.  

The deformation and compression of the patellofemoral cartilage was also 

determined by comparing the resulting estimated cartilage with the uncompressed 

cartilage segmented from the MRI scans. The main finding was that compression 

of the cartilage does result from the application of the investigated movements and 

that there was a definitive difference between the passive and squat movements.  

Finally, the stresses as a result of the different compressions on the cartilage were 

investigated through FEA. The main findings was that the squat movement 

consistently resulted in larger stresses than the passive movement and that the 

stresses recorded on the patellar osseous-cartilage surface interface also produced 

larger stresses than the stresses found on the cartilage surface.  

It was concluded that the designed process was able to determine the geometry of 

the patellar cartilage by using kinematics and the CT scans of the knee with little 

input from the MRI scans. Furthermore, through using kinematics, the compression 

of the cartilage due to these movements could be determined. It was concluded that 

the squat movement consistently produced larger compressions and stresses than 

the passive movement. This leads to the conclusion that it would be more 

appropriate to use the passive compression to modify and improve patellar 

replacements since it results in less compression and smaller stresses on the patella. 

Therefore, the replacement can still be modified to improve the geometry and 

account for some compression in the replacement, but not modified too much 

through the use of the squat movement to cause excessively larger stresses in the 

knee.     
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Uittreksel  

Die doel van hierdie studie is om die biomeganika van die patellofemorale gewrig 

te ondersoek in 'n in-vitro model. Die projek het drie hoof doelwitte: Eerstens, moet 

'n proses ontwerp word wat in staat is om die geometrie van die patellofemorale 

kraakbeen te skat. Tweedens word die kraakbeen kompressie as gevolg van die 

ondersoekte bewegings ook bepaal. Ten slotte, sal die verwante spannings ook 

bepaal word. Die uitslag van die doelwitte sal dus inligting voorsien oor die mate 

van kraakbeen vervorming tydens verskillende funksionele take. 

Die geometrie van die knieskyf kraakbeen is beraam deur die gebruik van 

kinematika, die bene gekry vanaf die CT-skanderings van die patella en femur, en 

die MRI-skanderings van die nie-saamgeperste patellofemorale kraakbeen. Hierdie 

proses sluit in die reproduksie van die kinematiese modelle van twee knieë vir 'n 

passiewe en hurk beweging waarvandaan die knieskyf kraakbeen dan geskat word. 

Daar is bevind dat die proses die geometrie van die knieskyf kraakbeen kon skat 

deur die toepassing van die kinematika en die nie-saamgeperste kraakbeen van die 

MRI-skanderings. Daar is opgemerk dat die kraakbeen geometrie verskil het tussen 

bewegings en tussen ondersoekte knieë in terme van dikte, maar in die algemeen 

voldoen het aan die geometrie van knieskyf kraakbeen. 

Die vervorming en kompressie van die patellofemorale kraakbeen is ook bepaal 

deur die geskatte kraakbeen met die nie-saamgeperste kraakbeen te vergelyk. Die 

belangrikste bevinding was dat daar wel kompressie is van die kraakbeen as gevolg 

van die toepassing van die ondersoekte bewegings en dat daar 'n definitiewe verskil 

tussen die passiewe en hurk bewegings is. 

Ten slotte, die spannings as gevolg van die verskillende drukke op die kraakbeen 

was ondersoek deur EEA. Die belangrikste bevinding was dat die hurk beweging 

deurlopend gelei het tot groter spannings as die passiewe beweging en dat die 

spannings op die knieskyf ossaal-kraakbeen oppervlak koppelvlak tot groter 

spannings gelei het as die spannings op die kraakbeen oppervlak. 

Daar is tot die gevolgtrekking gekom dat die ontwerpte proses wel in staat was om 

die geometrie van die knieskyf kraakbeen te bepaal deur gebruik te maak van 

kinematika en die CT-skanderings van die knie met min insette van die MRI-

skanderings. Verder deur gebruik te maak van kinematika, was die kompressie van 

die kraakbeen van die gevolglike bewegings bepaal. Daar is tot die gevolgtrekking 

gekom dat die hurk beweging deurlopend groter kompressies en spannings 

veroorsaak het as die passiewe beweging. Dit lei tot die gevolgtrekking dat dit meer 

gepaslik sal wees om die passiewe kompressie te gebruik om knieskyf vervangings 

te verbeter aangesien dit lei tot minder kompressie en kleiner spannings op die 

patella. Sodoende kan die vervanging steeds aangepas word om die geometrie te 

verbeter en van die kompressie in rekening te neem om die vervanging te verbeter, 

maar nie so veel te verander deur die gebruik van die hurk beweging as om 

onnodige oormatig groter spannings in die knie te veroorsaak nie. 
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Chapter 1 

1 Introduction  

1.1 Background 

In recent years, extensive work has been done on the patellofemoral joint as a 

whole, focussing on a range of topics such as the design of mathematical models 

[1], [2], defining the articular cartilage [3]–[7], the anatomy and geometry of the 

joint [8], patellofemoral biomechanics [9], [10], prosthesis design [11]–[14], injury 

studies [15]–[17], and more recently statistical shape models of the joint [18], [19]. 

The majority of studies relating to the geometry of the patellofemoral joint have 

specifically focussed on describing the trochlear groove, with only a few exceptions 

focussing on describing any new distinct features on the patellar surface such as the 

Lambda study [3] and the Wiberg index [20] study. There exists, however, a need 

to further define and characterise the patella. 

As a result there has been a great increase in recent years on research focussing on 

specific areas of the patella, including the forces on the patella [21], cartilage 

thickness and deformation [22], [23], and the geometry, anatomy, and position of 

the patella [24]–[29]. Some of the research is aimed at improving the way that 

prostheses are designed by providing necessary information to improve the patellar 

replacement design [30]–[32]. These methods of gathering information can, 

however, be costly and time consuming to pursue. A significant portion of these 

methods can also not be performed on a live patient, requiring that the limbs be de-

articulated for examination. Investigating the amount of compression, for example, 

is one of these methods that needs the disarticulation of the limb. Information 

regarding the compression that patellar cartilage experiences during normal use of 

the knee could, however, provide better understanding into the shape and thickness 

of the patellar cartilage and the stresses that the cartilage experiences during normal 

everyday use.  

In order to characterise patellar cartilage accurately, a model of the cartilage needs 

to be created. This includes building a database of cadaver knees which, preferably, 

consists of Magnetic Resonance Images (MRI’s). MRI scans are able to display not 

only the bones of a patient, but the surrounding soft tissue including the cartilage. 

MRI’s, however, are more expensive to obtain resulting in rather using Computed 

Tomography (CT) scans. CT scans are x-rays processed by a computer and does 

not provide any information on the soft tissue which could aid the investigation. If 

the cartilage is not available, it has to be recreated in order to determine the 

compression of the patellar cartilage during movement. A precise construction of 

the missing cartilage would allow the researcher to collect valuable data regarding 

the geometry of the patellar cartilage, the compression thereof, and the resulting 

stresses due to the compression. 
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Numerous studies on the compression of patellar cartilage have previously been 

conducted [22], [33], [34], but the main focus usually lies with determining the 

articular cartilage geometry and thickness under no compression [4], [7], [35]. 

These studies mainly use MRI’s and in-vivo and in-vitro measurements to obtain 

the needed information. The existing studies on patellar cartilage compression 

needs to use multiple MRI scans of the joint while compressed to determine the 

compression of the cartilage, however, to the researchers’ knowledge, no studies 

exist where CT scans were utilised in the process with little to no implementation 

of MRI scans. It is proposed that kinematics can be used in an effort to use mainly 

CT scans as input in determining patellar cartilage compression, taking into account 

the entire investigated motion. Finally, the compression of the cartilage can then be 

utilised to provide insight into the stresses that the patellar cartilage undergoes 

during the investigated movements. 

1.2 Aims 

This project aims to investigate the biomechanics of the patellofemoral joint in in-

vitro models. A method needs to be designed in order to recreate model specific 

patellar cartilage while minimising the use of MRI scans and to broaden the 

understanding of the compression of the patellar cartilage during normal everyday 

knee movements. Furthermore, the project aims to investigate the resulting stresses 

on the patella due to the determined compression. 

1.3 Objectives 

The objectives for this project are as follows: 

1. Estimate the geometry of the patellofemoral cartilage by using limited MRI 

scans, kinematic models of the knee, and the CT scans of the patellar and 

femoral bones as inputs for estimating the geometry of the cartilage. 

2. Determine the deformation and compression of the estimated patellofemoral 

cartilage.  

3. Determine and investigate the stresses present due to the compression of the 

patellofemoral cartilage. 

1.4 Motivation 

An increase in knowledge about the compression cartilage undergoes during normal 

everyday movement could potentially aid in improving prosthesis design, 

specifically patellar replacements. Current patellar replacements use standard 

polyethylene to recreate the patellar cartilage which is very unyielding when 

compared to actual cartilage. However, during any movement of a normal knee, 

compression of the cartilage takes place. It is also common for patients to 

experience patellar pain after a total or partial knee replacement which could 

possibly be as a result of the rigid uncompressible nature of the material used to 

replace the elastic compressible cartilage. This means that the compressible nature 
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of the patellar cartilage is not taken into account when designing patellar 

replacements which could be one of the causes for patellar pain after surgery. The 

pain that can still be present after surgery further emphasises the need to investigate 

the amount of compression that the patellar cartilage experiences during different 

movements and the effect that this compression has on the prosthesis and thus the 

comfort for the patient.  

Furthermore, replacements are usually designed according to specific predefined 

sizes and shapes, using very stiff materials (in relation to actual cartilage) to produce 

the implants. These materials are not very compliant and could result in anterior 

knee pain after surgery since the implant is not able to compress like it usually does 

during movement. Investigating the compression of cartilage could deepen the 

understanding of the type of materials and their biocompatibility that should rather 

be used for these replacements. It could also give an indication of how much the 

implants needs to be modified in terms of deformation to improve the design. This 

could result in a more comfortable patellar replacement which performs in a manner 

closer to a normal healthy knee. Finally, a better understanding of the compression 

that patellar cartilage experiences during movement can help deepen the knowledge 

and understanding of the requirements necessary to potentially improve the knee 

biomechanics involved in prosthesis design.    

1.5 Thesis Outline 

This section will briefly outline the contents of each chapter in this thesis. 

Chapter Two: The literature review discusses the patellofemoral joint, including 

the anatomical definitions necessary for the project. Furthermore, the kinematics of 

the knee joint and the articular cartilage of the patellofemoral joint is discussed. 

Three-dimensional (3D) modelling techniques and software, and the stresses on the 

articular cartilage during normal everyday use are also discussed. The chapter 

concludes with a discussion on existing cartilage estimation models and 

investigations regarding the compression of articular cartilage. 

Chapter Three: This chapter provides a detailed discussion on the materials and 

methods used in recreating the cartilage of the patella and determining the 

compression thereof. This includes describing the acquisition of the data used, the 

creation of the kinematic models, the assumptions made, the designed patellar 

cartilage estimation model, and the creation of the finite element models. The 

chapter concludes by describing the various calculations and methods used for 

interpreting and processing the raw data received from the patellar cartilage 

estimation model.  

Chapter Four: This chapter documents the results obtained from the models, 

focusing on the geometry of the estimated patellar cartilage, the compression 

thereof, and the resulting stresses on the patellar cartilage due to the calculated 

compression. 
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Chapter Five: A detailed discussion of the results will be provided in this chapter, 

where the findings will be investigated, discussed, and compared with results from 

literature. 

Chapter Six: The final chapter provides a conclusion for the project, discussing 

whether the objectives of the project have been achieved, the limitations of the 

project, any recommendations for future work, and the overall contribution that the 

project had to the related field of study.  
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Chapter 2 

2 Literature Review 

2.1 Anatomical Definitions 

This investigation will make use of certain terms of reference to describe and refer 

to the anatomy of the patellofemoral joint. This section describes and clarifies these 

terms as described in Wilkie et al. [36].  

The knee, like the human body, can be separated into three distinct planes of 

reference. Figure 1 shows these planes.  

Furthermore, the knee can also be divided into its six degrees of freedom. Figure 2 

defines these six movements.  

Coronal 

(Frontal Plane) 

Sagittal 

(Median Plane) 

Transverse 

(Horizontal Plane) 

Anterior 

Posterior 

Superior 

Inferior 

Figure 1: Anatomical references and planes. 

Internal-External 

Medial-Lateral 

Anterior-Posterior 

Flexion-Extension 

Inferior-Superior 

Adduction-Abduction 

Figure 2: Movements of the knee. 
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2.2 Anatomy and Function 

This section will describe the anatomy and function of the patella (kneecap) and 

patellofemoral joint separately. 

2.2.1 The Patella 

The patella plays an integral part in the proper functioning of the knee. Fox et al. 

[27] refers to the patella as a “large, flat, triangular sesamoid bone located anterior 

to the knee joint”. This placement, the composition of the patella, and the relating 

attachments to the patella allows the patella to facilitate the extension and flexion 

of the lower limb. 

 Anatomy 

The anterior surface of the patella can be divided into three main parts, namely the 

superior, mid, and inferior sections (Figure 3). The superior third of the anterior 

surface is a slightly roughened surface with vertical osseous protrusions which 

facilitates the attachment of the quadriceps tendon. The middle and inferior thirds 

both have the same roughened surface as the superior third, however, the inferior 

section tapers down to pointed apex which facilitates the connection of the patellar 

ligament.[27] 

The posterior surface (Figure 3) is primarily covered by an articular cartilage layer. 

The inferior apex is the only section of the posterior surface that is not covered by 

articular cartilage since the patellar tendon requires the roughened surface for 

attachment.   

 Function 

According to Fox et al. [27], the patella mainly acts as a structure which increases 

the lever arm of the extensor mechanism. The patella thus facilitates the extension 

and flexion of the lower limb via the quadriceps and patellar tendons. The patella 

then performs as a fulcrum surface for the quadriceps tendon, decreasing the friction 

on the quadriceps tendon as the knee flexes and extends. [27] 

The patella transfers the extensor force over the knee at a larger length from the line 

of rotation. This results in an improvement in the mechanical advantage of the 

extensor muscles. Additionally, this increase in mechanical advantage that the 

patella provides to the patellofemoral joint results in a reduction of 15% to 30% in 

Superior third 

Roughened protrusions 

for quadriceps tendon 

attachment 

Inferior third 

Middle third 

Smooth layer of 

articular cartilage 

Inferior Apex 

Figure 3: Anterior aspect (A), Posterior aspect (B). 

B A 
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the quadriceps force [37] needed for knee extension. Different angles of the knee 

will result in a change in the mechanical advantage of the patella, with the knee at 

a more flexed position resulting in a smaller mechanical advantage than when the 

knee is fully extended [27].  

2.2.2 The Patellofemoral Joint 

The following section will describe the anatomy and function of the patellofemoral 

joint and how each component of the joint interlinks and connects with each other 

and its surrounding components. The patellofemoral joint describes the joint 

connecting the patella and femur (thigh bone). The joint performs an important 

function in the stability of the knee as well as facilitating the extension of the lower 

limb[37]. The patellofemoral joint forms part of the knee (Figure 4).  

 Anatomy 

The femur is the biggest in length and the strongest bone in the body. The superior 

section, or curved head, of the femur articulates with the acetabulum of the hip [38], 

while the inferior section of the femur forms part of the patellofemoral joint. The 

femur has a near cylinder-shaped shaped mid-section which leads down to the 

inferior section of the femur. The inferior section of the femur interacts with the 

tibia through two big curved condyles (Figure 5) which are both covered with a 

cartilage layer.  This cartilage layer not only covers the condyles, but also the 

trochlear groove where the patella articulates with the femur. Just above the femoral 

condyles are the epicondyles which has various sized protrusions which act as 

connection points to different muscles and ligaments of the patello- and 

tibiofemoral joints [39].  

Figure 4: Anatomy of the knee [69] 

Patella (reflected) 

Anterior cruciate 

ligament 

Distal femoral 

condyle 

Lateral meniscus 

Lateral (fibular) 

collateral ligament 

Fibula 

Tibia 

Tibial plateau 

Medial meniscus 

Medial (Tibial) 

collateral ligament 

Posterior cruciate 

ligament 

Patellofemoral groove 
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There are numerous ligaments and tendons that connect the muscles and bones in 

the patellofemoral joint. Ligaments are defined as “white fibrous bands of tissue 

which connect bones” [40], while tendons are “a cord or band of dense, tough, 

inelastic, white, fibrous tissue, serving to connect a muscle with a bone” [41]. These 

include the quadriceps tendon which attaches the quadriceps muscle to the superior 

section of the patella, and the patellar tendon which attaches the inferior apex of the 

patella to the tibia (Figure 4). The main ligaments in the knee are the posterior 

cruciate ligament, the anterior cruciate ligaments, medial collateral ligament, and 

the lateral collateral ligament as seen in Figure 4 [42]. Ligaments especially 

important to the patella are the medial patellofemoral ligament and the lateral 

retinaculum. Table 1 names the ligaments mentioned, their origin, insertion point, 

and function. 

Table 1: Ligament descriptions [42] 

LIGAMENT ORIGIN INSERTION FUNCTION 

Posterior 

cruciate  

Posterior sulcus 

tibia 

Anteromedial 

femoral condyle 

Limits 

hyperflexion/sliding 

Anterior 

cruciate 

Anterior 

intercondylar tibia 

Posteromedial lateral 

femoral condyle 

Limits 

hyperextension/sliding 

Medial 

collateral 

Medial epicondyle Medial meniscus and 

medial distal tibia 

Holds medial 

meniscus to femur and 

resists valgus force 

Lateral 

collateral 

Lateral epicondyle Lateral fibular head Resists varus force 

Medial 

Patellofemoral 

Medial epicondyle Superomedial aspect 

of patella 

Counterattacks lateral 

movement of patella 

Lateral 

retinaculum 

Iliotibial band Lateral edge of 

patella 

Helps stabilise patella 

The trochlear groove is essential to patellar stability during the movement of the 

knee and provides a smooth cartilage covered channel in which the patella can 

travel, providing a means of stabilising the patella during movement. This groove 

Figure 5: Anterior (A) and posterior (B) views of the distal femur.[39] 

B A 
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connects the medial and lateral femoral condyles where it starts out as a shallow, 

nearly indiscernible, groove on the proximal section of the femoral condyles to a 

deep channel at the distal ends of the femoral condyles.[43]    

 Function 

The patellofemoral joint allows movement of the patella over the femur and in 

conjunction with the tibiofemoral joint, forms the knee. The knee can be described 

as having two main functions [44]: 

1. The knee allows movement with minimal forces needed from the relating 

muscles while providing steadiness to the lower limb for movement over 

different environments.  

2. Secondly, it is able to transfer and absorb loads during normal movement of 

the lower limb. 

2.3 Stresses Experienced by the Patella 

The knee joint plays a primary role in moving and supporting the human body. 

There are numerous forces that act on the joint, collectively allowing the extension 

and flexion of the lower limb. The main forces that interact with the patella are the 

quadriceps muscle force, patellofemoral joint reaction force, the tension in the 

patellar tendon, and the forces in the soft tissue structures on the medial and lateral 

side of the patella [45]. These forces combined add to the mobility and stability of 

the joint. During normal everyday movement such as walking, jogging, and sitting, 

the knee is put under stress.  

Numerous studies have been conducted in an effort to determine the stresses, strains 

and deformations that the articular cartilage undergoes during everyday use. These 

studies assume the cartilage to be a linear elastic material since applying a ‘bi-

phasic’ material model has proved extremely difficult. The investigations usually 

apply indentation tests which use a specific sized indenter. The indenter applies a 

precise reproducible load to a section of cartilage from which various properties 

can be calculated, including the resulting stresses on the articular cartilage. 

Ateshian et al.[46] refers to a series of previous investigations from which they 

established that the stresses found on the articular cartilage of joints can be in the 

range of 0.2 to 12 MPa. They further state that the majority of the stresses 

experienced during normal use are more in the range of 0.2 – 2.5 MPa. [46] 

Even though the structure of articular cartilage is exceptionally suited towards 

distributing and minimising the effects of the resulting stresses, the degradation of 

the cartilage, especially with age, can cause these stresses to produce discomfort 

and pain in the knee. A thorough investigation into these stresses in the articular 

cartilage due to normal everyday movement can increase the depth of understanding 

in terms of patellofemoral pain and injuries by investigating under what 

circumstances theses stresses would cause pain and injury. For example, stresses in 

excess of 5 – 7 MPa [47] have been recorded being experienced by patients that 

suffer from patellofemoral pain. An increase in the knowledge regarding the 
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stresses and pain experienced by the patellofemoral joint could advance treatment 

methods and create suitable prevention approaches.  

2.4 Knee Joint Kinematics  

The primary motion of the knee allows the flexion and extension of the lower limb. 

This motion can be simplified as a hinge joint in the sagittal plane, however, as seen 

in Section 2.1, the joint has six degrees of freedom, three translational and three 

rotational. In full extension, the quadriceps muscles are contracted with the long 

axis of the femur and tibia line up. As the hamstring contracts the knee will start 

flexing, moving the patella along the trochlea until the knee has reached full flexion 

at between 150° to 160° with full extension being at 0°. Figure 6 shows the knee in 

full extension and flexion during a passive motion of the knee. [44] 

During maximum extension, the knee is in its most stable and supported position, 

where the least amount of force needs to be applied by the quadriceps to ensure 

stability. The motion that the knee experiences most often, takes place during gait. 

During gait, the knee moves in such a manner as to allow the body to move forward 

with negligible upper body actions needed. In order to ensure that the toes of the 

moving limb do not drag across the floor when stepping forward, the knee will flex 

to about 70°. As the knee moves through the swing phase of the gait, just before the 

heel hits the ground, the quadriceps muscles will shorten to extend the knee fully 

which moves the foot forward. This position allows the heel to strike the ground 

first. Finally, just before the heel strikes the ground, the knee flexes to about 15° to 

absorb the impact of the motion. [44] 

Figure 7 shows the gait of the lower limb for one full cycle from full extension, to 

flexion, and back to full extension. 

A B 

Figure 6: Full extension (A) and flexion (B) of the knee during a passive knee 

motion 

Figure 7: The gait cycle. [70] 
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 Articular Kinematics of the Patella and Femur 

The primary articulating areas between the patella and the femur are the cartilage 

covered posterior surface of the patella (Figure 3, B) and the trochlear groove of the 

femur. The posterior articulating surface of the patella can be divided into (1) a 

large, thick, and slightly convex section, (2) a smaller, thinner, and slightly concave 

section, and (3) a vertical ridge that splits the two surfaces. These three sections 

share the mirror shape of the trochlear groove and immediate connecting condylar 

surfaces of the femur. [44]  

During the full extension of the knee, the only section of the patella that is in contact 

with the femur is the distal end of the patella. Very little of the patellar cartilage is 

in contact with the femur at this point in the motion. As the knee starts to flex, the 

patella will move along the trochlear groove where more of the patellar cartilage 

will come in contact with the trochlea and femoral condyles. During deep flexion 

there only exits contact between the patella and the medial and lateral condyles of 

the femur and no contact between the patella and trochlea. [44] 

Figure 8 shows the contact areas between the femur and patella at various knee 

flexion angles as the knee experiences motion. 

2.5 Articular Cartilage 

A detailed description of the thickness, geometry, and location of the articular 

cartilage of the patellofemoral joint will be given in this section. 

2.5.1 Patella 

The articulating cartilage of the patella is located on the posterior surface of the 

patella. The cartilage covers about 80% of the superior section of the posterior 

patellar surface. Ateshian et al.[48] made use of stereophotogrammetry to quantify 

the articular surface features and cartilage thickness of the knee. 

Stereophotogrammetry is a technique that uses two-dimensional photographic 

pictures and suitable mathematical methods to obtain detailed three-dimensional 

measurements of a specific object. By using this technique, Ateshian et al.[48] was 

Figure 8: Articulating surfaces of the femur (A) and patella (B) at different 

angles during motion. [27] 

A B 
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able to measure the underlying bone geometry, cartilage thickness, and cartilage 

areas. The specific area (A) and the grey shaded topographical map of the cartilage 

thickness (B) of the patella can be seen in Figure 9 as identified by Ateshian et al. 

Ateshian et al. calculated the surface area of the patella as 10.7 ± 1.6 cm2, the mean 

cartilage thickness as 3.33 ± 0.39 mm, the minimum cartilage thickness as 

0.89 ± 0.31 mm, and the maximum cartilage thickness as 5.91 ± 0.87 mm. The 

thickest part of the patellar cartilage can be located in the middle area of the 

cartilage surface. More specifically, the lateral third of the cartilage usually has the 

thickest cartilage, with the cartilage becoming thinner towards the outside edges of 

the cartilage surface.    

The surface geometry of the patellar articular cartilage, however, can be further 

analysed describing its distinctive surface features. These features can increase the 

characteristics of the surface geometry of the patella. Kwak et al. [3] conducted a 

surface curvature analysis of the human patellofemoral joint where they analytically 

calculated the curvatures of the patellar and femoral cartilage and used it to classify 

significant distinct surface structures to aid in the characterising of these surfaces. 

The patellar surface can commonly be defined as having a mostly convex surface 

with different elevations and features, however, a more detailed and accurate 

description would be that the surface of the patella can be defined as having a 

somewhat convex middle region, and slightly concave outer regions. In some cases, 

a distinct “tilted lambda ridge” can be identified as seen in Figure 10. [3]     

Figure 9: Three-dimensional model depicting cartilage surface area (A) and 

topographical map of the cartilage thickness (B) of the patella. (M = Medial, 

P = Proximal) [48]  

A B 

Figure 10: Maximum curvature map of patellar surface. [3] 
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2.5.2 Femur 

The articulating cartilage of the femur is situated on both of the femoral condyles 

and the trochlear groove. On the inferior end of the femur, the thickest cartilage can 

be located on the trochlea. The trochlea makes contact with the vertical middle 

cartilage ridge on the patella and helps in guiding the patella over the femur. The 

cartilage situated on the anterior aspect of the femur has thinner cartilage than the 

trochlear cartilage. As summarised by Ateshian et al.[48], the surface area for the 

femoral cartilage is 29.5 ± 2.5 cm2, the mean cartilage thickness is 1.99 ± 0.12 mm, 

with a minimum of 0.16 ± 0.06 mm and maximum of 3.61 ± 0.3 mm. The specific 

area (A) and the grey shaded topographical map of the cartilage thickness (B) of 

the femur can be seen in Figure 11 as identified by Ateshian et al. 

2.5.3 Cartilage in Compression 

Cartilage can be described as a porous structure which is composed of a multiphasic 

structure. The fluid phase consisting of water and electrolytes, and the solid phase 

consisting of mostly type II collagen. This particular composition is what allows 

the cartilage to compress. The cartilage also contains varying levels of 

chondrocytes, proteoglycan, and collagen fibrils. Chondrocytes are cells found in 

cartilage tissue which maintains the cartilage matrix and makes the cartilage 

malleable [49]. Proteoglycan are proteins found in cartilage that facilitates the 

lubrication of the surface [50], while the collagen fibrils are strong fibrous proteins 

found in cartilage which provides the cartilage with the ability to withstand the 

forces acting in on it [51]. As a force acts on the patellar surface, the fluid in the 

cartilage moves out of the cartilage and into the neighbouring tissue which allows 

the cartilage to compress. The fluid moving into the surrounding tissue causes the 

tissue to expand which compacts the cartilage. The longer the compression of the 

cartilage takes places, the greater the effort needed to compress the cartilage further. 

[52] 

The composition of cartilage is not constant and differs layer by layer along its 

thickness. Cartilage can be divided into four main layers. According to Pal et al. 

[52], “the superficial zone is characterized by flattened chondrocytes, relatively low 

quantities of proteoglycan, and high quantities of collagen fibrils arranged parallel 

Figure 11: Three-dimensional model depicting cartilage surface area (A) and 

topographical map of the cartilage thickness (B) of the femur. [48] (M = 

Medial, P = Proximal) 

A B 
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to the articular surface. The middle zone, has round chondrocytes, the highest level 

of proteoglycan among the four zones, and a random arrangement of collagen. The 

deep zone is characterised by collagen fibrils that are perpendicular to the 

underlying bone, and columns of chondrocytes arrayed along the axis of fibril 

orientation. The calcified zone is partly mineralized and acts as the transition 

between cartilage and the underlying subchondral bones”. Mechanical properties of 

cartilage thus differ with each layer in the cartilage. 

The composition of cartilage allows for compression, but varies with time. As 

mentioned, the more time passes, the more difficult compression becomes. 

Herberhold et al.[33] was able to use 5 cadaver knees to determine the relationship. 

They observed that within the first minute of compression, only 7% of the total 

compression had taken place. By the 100th minute of static loading, the compression 

started to equalise not showing a significant change in compression for the rest of 

the time period. Cartilage thus follows an exponential trend in the initial stages of 

the compression after which it equalises not showing any significant increase in 

compression.  

The thickness of the articular cartilage has been thoroughly investigated, however, 

since most of these investigations relied on de-articulating the knee to measure the 

articular surfaces, the compression of the cartilage could not be measured. In order 

to measure the compression, the articulating surfaces needs to be in contact with 

each other and undergoing a load of some sort, thus in order to measure the 

compression of the cartilage the knee should not be de-articulated.   

2.5.4 Material Properties 

The composition of cartilage makes determining some of the material properties 

problematic since cartilage is a non-linear material. Therefore, this section will 

focus on the material properties of articular cartilage such as the Poisson’s ratio and 

Young’s Modulus which could be implemented to determine the stresses 

experienced by articular cartilage that is subjected to a load under the simplifying 

assumption that the articular cartilage is a linear elastic isotropic homogenous 

material.   

In most studies found [53],[54],[55], these properties were determined and 

calculated by using indentation tests to apply the pressure to the articular cartilage. 

These tests, however, vary somewhat in terms of the size of the indenter and the 

amount of pressure being applied to the cartilage. This results in a range of values 

for both the Poisson’s ratio and Young’s Modulus, each relating to the tests 

performed by the individual investigator.  

Kempson et al.[53], for example, described an experimental procedure where in- 

vitro indentation tests were performed on articular cartilage of the human femoral 

head in order to describe the creep modulus of the cartilage. The process involved 

indenting the cartilage on the femoral head at a reproducible unchanged load for 

two seconds and then measuring the indentation. Those indentation measurements 

were then used to calculate the creep modulus. Finally, the investigators used the 
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measured strains to calculate a range of Poisson’s ratios (see Table 2) with a mean 

value of 0.48. [53] 

Another investigator, Hayes et al.[54], created a mathematical model for 

indentation tests of the articular cartilage. They modelled the cartilage as infinite 

elastic layer connected to a rigid half-space based on the theory of elasticity. The 

mathematical model that they created was able to use Poisson’s ratios in the range 

of 0.3 to 0.5 (see Table 2) to determine other material properties. 

Finally, Hori et al. [55] used experimental methods involving compression 

indentation tests to determine shear and bulk moduli. The main investigation 

revolved around performing numerous experimental indentation tests on human 

articular cartilage and comparing it to data, experimental and from mathematical 

models, of previous investigations in an effort to establish a connection between the 

material properties. The results from their investigation reported (see Table 2), 

amongst others, a Poisson’s ratio of 0.47, which they compared to studies 

mentioned earlier in this section. [55] 

Table 2: Poisson's Ratios as found in literature. 

 Poisson’s Ratio (v) 

 Mean Min Max 

Results 1: [53] 0.48 0.43 0.56 

Results 2: [54] 0.45 0.4 0.5 

Results 3: [55] 0.47 0.418 0.492 

Table 2 shows a common tendency for the Poisson’s Ratio to be within an 

approximate range of v = 0.4 – 0.5. Hori et al. also reported an average Young’s 

Modulus of E = 5.06 MPa, however, numerous previous studies [53], [56],  provide 

the Young’s Modulus in a range of E =  6.97 – 11.63 MPa.    

2.6 Three-Dimensional Modelling 

Various methods exists with which the patellofemoral joint can be assessed, 

analysed, and investigated to provide various outcomes that can aid in prosthesis 

design, injury diagnosis, and data collection . Three-dimensional (3D) modelling 

provides an extremely powerful platform to achieve these outcomes and has 

become essential in the medical and engineering field. Through either the use of 

graphics software, imaging, or scanning, high quality 3D models can be created 

with relative ease.    
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2.6.1 Radiography 

A radiograph (Figure 12) refers to “a negative image on photographic film made by 

exposure to x-rays or gamma rays that have passed through matter or tissue” [57]. 

Radiographs are one of the most common and widely used methods of imaging. 

However, in recent years investigators have moved to more modern methods such 

as computed tomography (CT) scans or Magnetic Resonance Imaging (MRI) since 

radiography only takes single images in one axis at a time and is not able to provide 

a 3D image of the section being investigated. Even though radiographs are able to 

image the internal organs, they are much more capable of imaging the osseous 

structures of the human body. 

2.6.2 Computed Tomography Scan 

CT scans (Figure 13, A) are a useful imaging technique which can be used to 

investigate the osseous structures of the human body. CT scans are able to take a 

360 degree scan of the section of the body needed with which it is able to produce 

multiple detailed cross-sectional images of the body part. CT scans are, however, 

more suited towards the imaging of osseous structures. [58] 

CT scans are more expensive than radiographs, but are able to produce a much more 

detailed image which can easily be processed into a 3D model. CT scans, however, 

lacks in contrast ability which could make it difficult to spot potentially important 

details and information.  

Figure 12: Radiograph depicting a knee.[71] 

Figure 13: CT scan (A), MRI (B), of the brain.[72] 
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2.6.3 Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) uses a magnetic field and radio waves to 

generate in depth high-resolution pictures. MRI can produce extremely detailed 

cross-sectional images (Figure 13, B) from which 3D models can be created of the 

osseous structures and soft tissue of the human body, making it the most ideal 

method for imaging the internal structure of the human body. [58] 

MRI’s are, however, much more expensive and time consuming than CT scans and 

radiographs and since MRI’s make use of a magnetic field, anyone with pacemakers 

and other medical implants would not be able to be scanned in a MRI machine. 

Even with the disadvantages listed, the increased capability of MRI to image soft 

tissue and produce highly detailed images, still makes it the leading choice as a 

diagnostic and imaging tool. The images received from MRI or CT scans can be 

processed into 3D models (Figure 6) of the particular object. 

2.6.4 Mimics/3-Matic 

While MRI and CT scans are used for the initial data accumulation, the images need 

to be processed by computer software into the 3D model needed. Mimics 

(V16.0.0.235, Materialise, Belgium) is a software specifically designed for medical 

image segmentation and is able to process data from a range of input formats such 

as CT, MRI, and 3D ultrasound. The software not only enables the user to create 

accurate 3D models form the imaging data, but also provides a platform to measure 

and modify the model. Finally, the software exports the model in a 

stereolithography (STL) file. [59] 

A STL is a file format that is commonly used in 3D modelling. The STL file divides 

the model surface into triangles where an increase in triangles increases the 

complexity and detail of the surface being approximated.   

While Mimics is an extremely powerful software for segmenting the MRI/CT data, 

it has limited modification functions. 3-Matic (V8.0, Materialise, Belgium), 

however offers a great range of functions to modify the 3D model. 3-Matic is 

exceptionally suited for 3D measurements and engineering analyses, designing 

patient specific prosthesis, and for preparing the model for finite element analysis. 

Combined, Mimics and 3-Matic forms a powerful platform to create, modify, and 

design 3D anatomical models. 

2.6.5 ADAMS 

Automatic Dynamic Analysis of Mechanical Systems (MSC ADAMS) (V2013.1, 

MSC Software Corporation, California) is a software mainly used in the modelling 

of dynamic systems and structures. This allows the user to study and investigate 

how the model reacts to different loads and forces which makes it an excellent 

software to study the kinematics of an anatomical model. [60] 
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2.6.6 MATLAB 

MATLAB (V R2014a, Mathworks Inc, Massachusetts) is an extremely powerful 

software for performing numerical computation. It provides a platform for solving 

engineering problems by providing a matrix-based MATLAB language to perform 

calculations.  

2.7 Existing Models on Cartilage Estimation 

The measurement, analysis, and model creation of articular cartilage could initially 

only be performed by ex-vivo measurements on cadaver knees. This was a 

destructive process which required that the knee be disarticulated to reach the 

articulating surfaces of the cartilage. Radiography allowed the investigator to 

measure the cartilage without disarticulating the knee, however, the nature and 

quality of the radiograph proved to be inadequate for cartilage analysis. 

When MRI became a common technique for acquiring and creating 3D models, the 

investigation of cartilage increased. MRI is a highly detailed, but expensive, 

technique to identify and measure cartilage. However, MRI is still the most 

common method of measuring and determining the shape, thickness, and location 

of the articulating cartilage of the patellofemoral joint. Most studies [61], [62], [7], 

[63], focus on obtaining the MRI images of the joint and using the resulting model 

to investigate the cartilage. These studies, however, tend to use their own 

measurement technique which is not always reproducible by other investigators. 

MRI can be used to determine thickness and volume accurately, but MRI with 

adequate resolution and proper experience in segmenting the images into a 3D 

model is essential to ensure an accurate representation of the cartilage [62]. Various 

studies were able to define the mean articulating cartilage thickness of the 

patellofemoral joint as seen in Table 3. 

Table 3: Comparison of the results of the mean thickness of the patellofemoral 

articulating cartilage. 

 Mean Patellar 

Cartilage Thickness 

Mean Femoral 

Cartilage Thickness 

Results 1 [7] 3.05 mm 2.08 mm 

Results 2 [48] 3.33 ± 0.39 mm 1.99 ± 0.12 mm 

Results 3 [63] ± 4 mm - 

Few studies have, to the investigators knowledge, been conducted on recreating the 

articulating cartilage of the patellofemoral joint without the use of MRI or existing 

cartilage in the model where only the bones of the knee are available for use. 

2.8 Existing Models on Cartilage Compression 

In recent years, the compression of cartilage has been studied quite thoroughly. 

Originally, compression of cartilage was mainly determined by experiments and 

indentation tests. These investigations provided valuable information into the 
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compressional nature of articular cartilage, however, the information provided was 

still considerably different than the results would have been if the joint was still 

intact.[33] 

MRI provided the investigators with a means of examining the articular cartilage 

under compression without disarticulating the knee. The knee could thus be put 

under various static and dynamic loads at different degrees of flexion to more 

accurately determine the compressional properties of the articular cartilage in the 

knee. Numerous studies [22], [33], [64], [65], have been conducted where MRI was 

used to determine the cartilage compression. Since MRI is able to provide detailed 

information regarding the soft tissue of the human body, it is a perfect tool for 

investigating the compression of the articular cartilage. MRI also allowed for 

dynamic force testing by examining volunteers performing certain dynamic 

movements over a period of time. Eckstein et al.[22] used twenty healthy volunteers 

and had them perform squatting at 90° angle and 30 deep knee bends representing 

the static and dynamic loading movements. The results showed a reduction in the 

articular cartilage volume of the patella of -5.9 ± 2.1 % during the knee bends and 

-4.7 ± 1.6 % during squatting, while the articular cartilage of the patella showed a 

thickness reduction of -2.8 ± 2.6 % during the knee bends and -4.9 ± 1.4 % during 

squatting. These actions serve to best represent the compression that the articular 

cartilage undergoes during normal daily circumstances since the knee mostly 

compresses the cartilage for a few seconds and not hours. The tests showed the 

compression during the first 320s of loading.   
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Chapter 3 

3 Materials and Methods 

3.1 Overview 

This chapter gives a detailed description of the materials and methods used in 

estimating the articular cartilage of the femur and patella from the CT scans and 

kinematics of the knee joint as well as the methods applied in the analysis of the 

resulting data. To the author’s knowledge, no studies have been conducted to 

attempt to recreate the cartilage of the patella with only the 3D models (segmented 

from CT scans) of the bones of the knee joint. Developing a method of achieving 

this could decrease the resources needed to produce and analyse the articular 

cartilage of the patellofemoral joint, because the use of 3D data would remove the 

need to gather information through destructive invasive experimental techniques. 

The aim is to use the kinematics of the knee during a passive and squat movement 

to estimate the cartilage geometry. Since the cartilage will compress during these 

actions, this method can be further utilised to determine the compression of the 

cartilage while performing these movements. The flow diagram in Figure 14 depicts 

the flow of data and the process followed to produce the absent compressed articular 

cartilage of the femur and patella.  

Patellar Cartilage 

Estimation Model 

Kinematic Model 

Pre-processing 

Input data Scan data 

Inverse dynamic analysis 

(Msc. ADAMS, V2013.1, MSC 

Software Corporation, 

California)  

Figure 14: Flow of data and process followed in estimating the patellar and femoral 

cartilage. 

CT 

MRI 

Kinematics (Marker trajectories) 

Segmentation of scan data STL files created from CT and MRI 

(Mimics, V16.0.0.235, Materialise, 

Belgium)   

Estimate separate cartilage surfaces relating to degree of flexion 

(Matlab R2014a, Mathworks, Massachusetts) 

Combine cartilage surfaces  

(3-Matic, Materialise, Belgium) 

Filter and smooth resulting cartilage surface 

(3-Matic, Materialise, Belgium) 
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Mainly, the process of estimating the patellar cartilage uses the geometry and 

thickness of the femoral articulating surface in combination with the kinematics of 

the knee to form the patellar cartilage. The main theory is that the movement of the 

femur relative to the patella will shape the cartilage of the patella. The patella 

receives an overly thick roughly estimated cartilage at the beginning of the process 

which is then shaped and formed as the femur moves through different degrees of 

flexion relative to the patella, slicing away the excess cartilage to produce patellar 

cartilage shaped by the kinematics of the knee joint.  

3.2 Ethical Approval 

Ethical approval for this project was received from the Local Research Ethics 

Committee (University of Leuven, Belgium). Furthermore, no test or investigation 

was done involving any of the following criteria as described by the Stellenbosch 

University Research Ethics Committee: 

 “Any direct interaction with or observation of human participants”. 

 “The use of potentially identifiable personal health records, information, or 

tissue specimens, and/or,” 

 “Human progenitor or stem cells”. 

3.3 Assumptions 

The following assumptions were made during the estimation process of the 

cartilage: 

1. The femoral cartilage does not compress. 

This assumption would greatly simplify the recreation of the cartilage since the 

original compressed femoral cartilage is not available during the initial stages 

of the process and thus it would be difficult to determine the relative 

compression taking place between the femoral and patellar cartilage and apply 

it to the designed method. By only focussing on the patellar cartilage, the 

process is simplified and the total compression can be used throughout.  

2. The femoral cartilage conforms to the geometry of the femoral condyles and 

trochlea. 

This assumption also simplifies the process since the cartilage of every 

individual femur differs slightly and creating individual specialised geometry 

for each femur would be time and resource consuming. Assuming conformity, 

however, could still produce a close likeness as can be seen in the geometry 

description found in literature [48]. 

3. The femoral cartilage has the same thickness over the entire articular 

surface. 

Femoral cartilage does not have the same thickness over the entire articular 

surface, but assuming the same thickness over the entire articular surface will 
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give a close approximation to the actual thickness distribution as seen in 

literature [48] and will aid in simplifying the process of estimating the cartilage 

geometry. 

3.4 Data Acquisition 

The data used was obtained from the study done by Delport et al.[66]. This section 

will give a short description of the process followed by the investigators as 

described by Delport et al.[66], providing details on the materials and methods, and 

the results of the experiment focussing on the data used specifically in this thesis. 

This thesis primarily made use of the CT scans of the patella and femur, the MRI 

scans of the patella and femur, and the kinematic results obtained during the 

investigation. 

3.4.1 Data Collection Method 

Delport et al.[66] aimed at testing whether it would be beneficial for patients 

undergoing total knee arthroplasty (TKA) to restore the neutral mechanical 

orientation. 

The investigators made use of six fresh frozen cadavers of the lower limb with no 

known medical problems with the joint. The process was started by obtaining the 

MRI scans of only the knee joint of the lower limb cadavers. CT scans of the entire 

lower limb were then obtained. The CT scans had marker mounts (Figure 15) 

connected to the femur and tibia from which a coordinate system could be defined 

to aid in describing the alignment and kinematics of the knee joint. [66] 

The final setup included attaching the knee to the kinematics simulator as shown in 

Figure 15, which allowed the knee joint to perform various motions such a passive 

movement and squatting movement from which the specific kinematic data for that 

movement could be extracted. 

The marker frames had reflective round markers attached to the frames which was 

consistently tracked using six infrared motion capture cameras. The information 

Figure 15: The knee kinematics simulator setup. Open 

chain testing (A). Squatting (B). [66] 

A B 
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recorded from the motion cameras was used to define the trajectories of the markers 

as the knee joint was put through the mentioned motions resulting in the description 

of the kinematics of that specific motion of the knee joint. The knee was put through 

three motions, namely a passive extension flexion motion, an open chain extension, 

and a squatting motion. 

3.4.2 Movements Analysed 

The movements mentioned in section 3.4.1 that was used in this investigation will 

be described in more detail in this section to properly define the movements and 

describe the kinematics of the knee during the experiment.  

Passive Patellofemoral Movement 

The passive movement entailed fixing the femur horizontally in the frame and then 

allowing the tibia to move through the full range of movement without restricting 

the other degrees of freedom. This means that the tibia and patella with all its related 

ligaments and tendons would flex and extend to create a cycle of movement which 

was repeated three times. No extra loads were added to the frame for the passive 

movement. 

Loaded Squat Patellofemoral Movement 

The squat movement consisted of performing a squat motion that ranged between 

30° and 130° with a vertical ankle load of 133 N applied to the bottom of the tibia 

where the ankle is located. The tibia fitting was attached to the kinematics structure 

(Figure 15, B) to replicate the proper form of a squat.  

3.4.3 CT Results 

The results of the CT scans were accurate enough to enable the investigators to 

segment precise replicates of the bones of the knee joint. The resulting 3D model 

provided an accurate bone model, however could not describe or model the soft 

tissue of the knee joint. Figure 16 shows a final 3D model segmented from a CT 

scan showing the femoral, patellar, and tibial bones of the knee joint in great detail. 

The CT scan was detailed enough to depict the osseous protrusions on the femur, 

patella, and tibia where the ligaments and tendons would attach. 

The majority of the data used from the study consisted of the CT scans. The CT 

scan data was provided in the form of a STL file for the patella and femur which 

was then utilised in this thesis. 
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3.4.4 MRI Results 

MRI scans was also conducted on the knee joints. The MRI scan was able to provide 

detailed data on the soft tissue, especially the articular cartilage, of the knee joint 

before any loads or motions were applied to the joint. The resulting cartilage was 

thus the uncompressed cartilage of the knee joint. The segmentation of the MRI 

was more time consuming and complicated than the segmentation of the CT scans 

since the segmentation programs are able to very accurately identify the bone on a 

CT scan, while the soft tissue displayed on a MRI scan needs to be manually 

identified by the investigator since different types of soft tissue are very similar in 

contrast to each other on the MRI. 

The MRI data of the femurs and patellae for knee 1 and knee 2 was used for the 

information it provided on the uncompressed articular cartilage of the 

Figure 16: Segmented 3D results of the knee joint from CT scan. Anterior view (A), 

and lateral view (B). 

 

A B 
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Figure 17: Front view (A), top view (B), side view (C), and 3D 

section view (D) of the patellofemoral joint of knee 1. 
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patellofemoral joint. The MRI data was provided as the unprocessed MRI scans. 

These scans had to be segmented manually to extract the cartilage from the MRI 

data. Figure 17 shows an example of one of the raw MRI sequences clearly 

depicting the soft tissue. The green highlighted section shows the cartilage as 

identified on that MRI slice by the investigator while the red outlines the patella 

bone on the MRI section. 

Figure 18 shows the patella with cartilage as segmented from that MRI sequence 

shown in Figure 17. 

3.4.5 Kinematic Results 

The kinematic data gathered by Delport et al. formed the foundation of this thesis 

since it would be used to test whether the kinematics can be used to recreate the 

cartilage of the patella and whether it can be used to determine the compression of 

cartilage during movement. As described in section 3.4.1, the kinematics of the 

knee movements was tracked by using a system consisting of the kinematic 

structure, which held the knee cadaver, and reflective markers attached to the 

kinematic structure. The femur, patella, and tibia each had four reflective markers 

attached to their section of the kinematics rig which was used to describe the 

kinematics and trajectories that each of these bones underwent individually in the 

coordinate system created.  

The investigators created a coordinate system which was supplied in the form of a 

excel sheet containing all the marker coordinates as seen in the defined coordinate 

system. The X, Y, and Z coordinates for each of the four markers for each of the 

knee joint structures were provided to be able to define the markers in 3D space 

relative to their related knee joint structure as they were before any motion took 

place. This set of data thus defined the coordinates of the knee joint at its original 

reference point or starting point. 

Furthermore, the kinematic data as recorded from the motion capture camera, 

provided the frame number and all the related coordinates for all the markers at a 

specific time frame. This data defined the trajectories of the markers of the knee 

joint as it moves through space. 

A B 

Figure 18: Patella as segmented from MRI sequence of 

knee 1. 
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3.5 Pre-Processing of the STL Files 

The first stage in the estimation process is to prepare the received STL files of the 

femur and patella for further processing. It is essential that any modifications to the 

STL files that could affect the outcome of the geometry of the final cartilage should 

be done before continuing to the next step in the process to increase the accuracy 

and consistency of the end result.  

The STL files consisted of the segmented 3D models of the bones of the femur and 

patella with no cartilage present on the bones. The STL files had small surface 

abnormalities which was introduced during the segmentation of the CT scans which 

could greatly affect the accuracy of the estimated cartilage. These surface 

protrusions needed to be removed to provide smooth even surfaces for inclusion in 

the rest of the process. 

Since the patella and femur were segmented from the CT files, no cartilage was 

present in the initial STL files. In addition to the initial filtering and smoothing of 

the STL files, this stage of the process primarily included the addition of roughly 

estimated cartilage to the femur and preparing the patellar surface for processing.   

3.5.1 Processing Segmented CT Scans 

Before any material is added to the femoral surface, the original osseous surfaces 

(segmented from CT scans) need to be smoothed and filtered. The femur showing 

two enlarged sections of the femoral surface at different angles can be seen in Figure 

19. More specifically, Figure 19 highlights the protrusions and nodules that need to 

be removed from the femoral surface. The entire articular surface of the femur needs 

to be clear of any inconsistent nodules and protrusions to prevent them from 

influencing the outcome of the cartilage geometry.  

 

Figure 19: Enlarged sections of the femur indicating the 

protrusions and nodules which should be removed. 
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3.5.2 Cartilage Prediction for Femoral Articular Surface 

In order to estimate the patellar cartilage, the femoral cartilage had to be predicted. 

Since the shape and the thickness of the estimated patellar cartilage will be directly 

influenced by the shape and thickness of the femoral cartilage, this step had to be 

completed before proceeding to the next section.  

There are two main methods of producing a femur with cartilage. The first method 

involves assuming that the cartilage thickness over the entire articular surface is 

uniform and that the cartilage conforms to the underlying osseous geometry of the 

condyles and trochlea. An offset of 1.8mm [48] is then applied, using 3-Matic, to 

the identified articular surface to replicate the femoral cartilage. The highlighted 

area in Figure 20 indicates the surface area to be covered by the cartilage. The 

second method is to segment the cartilage from the MRI scans.  

After the femoral cartilage has been replicated, the final resulting surface needs to 

be smoothed and filtered to ensure a clean smooth surface to use in the next stages 

of the process. 

3.5.3 Preparing the Patellar Articular Surface 

The addition of material to the patellar articular surface only serves as a base 

structure from which to form the cartilage of the patella which will be derived from 

the shape of the opposing femoral surface and resulting kinematics. The initial 

cartilage being added to the patella at this stage, does not need to be accurate or 

geometrically specific in any way, the only requirement is that it needs to be thick 

enough that when the femur and patella are in their articulating positions, the 

patellar cartilage intersects the femoral cartilage over the entire articulating surface. 

Figure 21 shows the articulating surface (highlighted) as acquired from literature. 

 

Figure 20: Femoral surface area (highlighted 

orange) to which the cartilage is added. 
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Figure 22 shows the patella with the newly added base material intersecting the 

femoral cartilage. 

The patella and femur modified with the added cartilage material, as described in 

sections 3.5.1 - 3.5.3, is exported as STL files and forms the base structures to be 

used in the following steps.  

3.6 Kinematic Models 

This section details the use of Msc. ADAMS to create a kinematic model from the 

defined marker trajectories. This includes using the STL files from the femur and 

patella as prepared in section 3.5 and the marker trajectories defining the movement 

of the knee joint during a passive and squat movement.  

Primarily, ADAMS will be used to articulate the femur and patella into a moving 

entity through applying the defined trajectories for the passive and squat movement. 

Firstly, the STL files of the femur and patella, as prepared in section 3.5, needs to 

be imported into the ADAMS workspace for processing. These parts are already at 

the correct coordinates in the global coordinate system and relative to each other, 

and do not need to be moved.  

3.6.1 Creating and Connecting the Markers 

The markers used in the knee kinematics simulator were not directly connected to 

the knee joint. Instead, the markers were connected to marker frames which held 

them at defined locations. The trajectories of these markers where then recorded 

using the available infrared motion capture cameras. Since the trajectories related 

Figure 21: Patellar articular cartilage area (highlighted orange). 

Side View Top View Bottom View 

Figure 22: Femoral and patellar cartilage intersection. 
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to the markers, the markers also had to be created and added in the simulation to be 

able to correctly relay the trajectories to the knee joint itself.  

The markers can be represented as small spheres, which ADAMS allows the user 

to create through adding defined bodies to the model.  In total, twelve markers 

should be generated with their coordinates matching the coordinates of the actual 

physical markers. Initially, when the markers are created in ADAMS, they are not 

connected to the knee joint in any way, they only have the correct coordinates as 

given in space. Thus, each one of the markers need to be connected to their relating 

structure (femur or patella) to be able to use their trajectories. Figure 23 (A) displays 

the knee joint and the created markers.  

The markers are connected to their related part through the creation of an applied 

spring-damper force (Figure 23, B) which will result in the trajectories of the 

specific marker being relayed to the part.  

3.6.2 Creating Splines and Applying Motion 

This section describes the creation and implementation of splines that define the 

motion of the three parts in the Cartesian coordinate reference frame over the time 

period that the motions took place. The splines are created from the trajectories 

available for the markers. Matlab is used to create individual splines (time and 

distance) which define the X, Y, or Z position, as tracked over time, for each of the 

markers. These splines are then imported into ADAMS and applied to the markers. 

Since the markers are now connected to the parts, the motions are also connected 

to the parts. 

The coordinate system used throughout the project, followed the coordinate system 

defined by Delport et al.[66]. The coordinate system was thus anatomically 

Figure 23: Knee joint with related markers and axis (A). Knee joint and markers 

with the connecting force (B). 

A B 

Markers 

Connecting 

forces 

Stellenbosch University  https://scholar.sun.ac.za



30 

determined by the experiment through the use of the CT scans and data markers. 

The flexion angle used is defined as the angle between the femoral shaft axis and 

the tibial shaft axis.  

Applying the motion to the markers is the final step and by running the simulation, 

the motion being applied to the knee joint can be viewed. In this thesis, the knee 

joint for two knees (knee 1 and knee 2) was modelled going through a passive and 

squat movement. 

3.6.3 Saving and Exporting the Model 

The Matlab script which shapes the patellar cartilage depends on the femur being 

at different degrees of flexion in order to ensure that the entire articular surface of 

the femur is taken into account when shaping the patellar cartilage. During the 

experiment, the actual flexion for the squat movement only starts at 30°, but this 

was normalised for all models to zero degrees. The model thus needs to be saved 

and exported at set degrees of flexion (every 5°), from the normalised zero degrees 

to the maximum achieved flexion angle. This is done by running the simulation and 

recording the frame at which the model reaches every successive five degrees of 

flexion through the use of the measurement tool in ADAMS. The model is then 

saved at each of these recorded frames, resulting in a set of models each at different 

degrees of flexion. All the recorded models are then exported for further processing 

in 3-Matic.   

3.7 Patellar Cartilage Estimation Model 

This section describes the process of estimating the cartilage from the kinematic 

models of the femur and patella as prepared in section 3.6 by making use of 3-Matic 

and author created scrips in Matlab for the mesh deformation.  

3.7.1 Pre-Processing STL Files 

The prepared kinematic models required minimal processing in 3-Matic before 

being utilised in Matlab. ADAMS is only able to export the models as parasolid file 

types, while the Matlab program reads STL files. 3-Matic is thus used to convert 

the parasolid files exported from ADAMS into STL files which can then be read by 

Matlab.  

3-Matic is used to delete the motion markers that were exported with the femur and 

patella from ADAMS. The estimation script created in Matlab by the author reads 

the patella as stationary while the femur moves relative to it, while the model as 

exported from ADAMS has the femur stationary and patella moving in relation. 

The final step in preparing these two parts would thus be to globally register the 

femurs, and their related patella, in relation to the patella at zero degrees by using 

the global registration tool in 3-Matic. Figure 24 shows three models, each with a 

patella at a certain degree of flexion as imported from ADAMS. All the femurs are 

occupying the same space. 
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The global register tool allows the user to choose a stationary object (patella at zero 

degrees), an object to be moved in relation (a patella at a different degree of 

flexion), and a move-along object (the femur of the second mentioned patella). The 

tool then precisely aligns the protruding osseous surfaces (which remains 

unchanged throughout the whole process) of the two mentioned patellae and moves 

the femur of the second mentioned patella along, keeping it in the same position 

relative to its relating patella. Thus, the model which is at zero degrees will be the 

reference point, while all the other models will be moved relative to it. This means 

that each patella that is at a different degree of flexion, will be moved to match with 

the reference patella at zero degrees. The femur of that particular patella will then 

move with the patella to the reference patella, but still stay in the same place relative 

to the moving patella. Figure 25 shows the resulting orientation of the model after 

the global registration. All the patellae are now occupying the same region in space, 

while their related femurs moved in relation to them.  

The patella at zero degrees and all the globally registered femurs are exported as 

STL files to be used in Matlab.  

3.7.2 Estimation of Patellar Cartilage 

This section details the steps followed in the script written by the author in Matlab 

which produces a set of surfaces to be used to create the patellar cartilage. At this 

stage in the process, there should be one patella (at zero degrees flexion) with the 

added material to the articular surface, and multiple femurs each at a different 

degrees of flexion. Figure 26 provides a flowchart describing the process followed 

by the Matlab script. The following steps are followed to estimate the patellar 

cartilage: 

Step 1: Import STL files 

Figure 24: The models as imported from ADAMS. 

Figure 25: Globally registered patellofemoral models. 
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The first step that the Matlab program performs is importing the applicable STL 

files into the working directory for further processing. This includes the prepared 

patella and the relating femurs at the varying degrees of flexion as prepared in 

Section 3.7. The STL files are voxelised1 in Matlab through the application of the 

voxelise.m script as downloaded from Matlabs’ open source file exchange platform. 

The STL files were voxelised in order to form a closed triangular-polygon mesh of 

the STL files which gives access to an array of data formats that could be 

manipulated in Matlab. It thus provided a 3D structure consisting of voxels (volume 

pixels) with coordinates that could be manipulated by the written Matlab script. 

  

                                                 
1Aitkenhead et al. 
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Figure 26: Flowchart describing the steps followed during the estimation of 

the patellar cartilage in Matlab. 
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Step 2: Identify/evaluate correct region of interest 

The Matlab program requires that the correct regions on the patella and femur are 

identified to indicate where the modifications should be made. Correctly identifying 

the region of interest is of utmost importance to be able to estimate an accurate 

cartilage surface from the femoral surface. The entire section of the patella 

containing the added cartilage material needs to be specified in the 3D coordinate 

system. The rest of the patella should not be added to this specified area. The same 

area identified on the patella will be identified on the femur since the patella does 

not rotate or move, this region stays the same throughout the program. Figure 27 

indicates the region of interest.  

Step 3: Run surface estimation script 

This step performs the main modifications and mesh deformations and creates the 

cartilage surface relating to a specific femur at its degree of flexion. Mainly, since 

the 3D points that the voxelised STL files consist of can be manipulated, the patella 

structure can be modified by changing the coordinates on the patella that touch or 

intersect the relating coordinates on the femur, to those intersecting coordinates on 

the femur. This results in a separate surface the size of the patellar articular cartilage 

area, but with the shape and position of the opposing connecting area of the femur. 

The end result for one model (or knee) should be multiple surfaces (Figure 28) that 

all conform to the intersecting femoral surface of their relating degree of flexion.   

Step 4: Export surface as STL file 

Once all these separate cartilage surfaces has been created, they are exported as 

STL files where the final processing of the files can be done in 3-Matic. 

3.7.3 Final Processing 

This section details the final steps in estimating the patellar cartilage which are done 

using 3-Matic. The estimated surfaces created in Matlab have to be joined with each 

other and with the patella to create the final estimated patellar cartilage surface. 

These surfaces all represent the resulting cartilage of the patella as it connects with 

Figure 27: Region of interest for both patella and femur. 
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the femur at a certain degree of flexion. In order to create the final surface, these 

surfaces needs to be joined to take into account the geometrical and compressional 

effect that the femur has on the cartilage of the patella throughout the entire motion 

of the knee. This was done by using the glue meshes, wrap, and Boolean Union tool 

in 3-Matic to join the determined cartilage surfaces and the patella with no cartilage 

together.  

After the surfaces are joined, each femur at its degree of flexion is checked against 

the final patellar cartilage surface to ensure that there is no intersection between the 

two parts. If there are small intersections, they should be removed using Boolean 

subtraction in 3-Matic. Final smoothing and filtering of the cartilage surface is also 

done during this stage to end with a smooth cartilage surface. The smoothing of the 

final patella model was done by implementing the smoothing function in 3-Matic. 

The smoothing tool in 3-Matic allows the user to modify the type of algorithm being 

implemented, the smoothing factor and number of iterations. For the most part, a 

1st order Laplacian was used since it provides a basic smoothing algorithm which 

is able to provide good results for most inputs. If the use of this algorithm took away 

too much material or changed the geometry of the cartilage, a curvature algorithm 

was implemented which avoids triangles shape influence during smoothing while 

better preserving mesh shape. The smoothing factor used was also very low 

(between 0.1 – 0.3) to ensure the preservation of the mesh shape. The final result 

would be a patella with cartilage that conforms to the surface of the femur where it 

connects to each other during a specific motion. 

3.8 Finite Element Analysis 

The final step in the process is to create a finite element model (FEM) of the patellar 

cartilage in order to determine the resulting stresses from the compression on the 

cartilage by using a finite element pre-processor (MSC Patran 2014.0.1, MSC 

Figure 28: Example of a resulting patellar cartilage surface from one femur at certain 

degree of flexion. 
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Software, California). MSC Nastran (MSC Software Corporation, California) was 

used to determine and analyse the resulting stresses. The finite element model will 

consist of applying a displacement to a chosen section on the patellar cartilage 

where the displacement will be equal to the actual average cartilage compression of 

the relating contact area. This process will be repeated for multiple contact areas on 

the patellar cartilage surface for both models while varying the Poisson’s Ratio and 

Young’s Modulus. Varying these values will help to determine how these changes 

effect the stresses and the resulting effect that the stresses have on the cartilage and 

underlying osseous surfaces due to the compression. 

3.8.1  Preparing Patellar Cartilage  

The first step would be to prepare the patellar cartilage by removing the cartilage 

from the patella bone and re-meshing the resulting cartilage volume in 3-Matic. The 

entire cartilage volume is divided into three-dimensional linear tetrahedron solid 

(TET10) elements (1 mm) instead of tetrahedral (TET4) elements since TET10 

elements will result in more accurate and refined stress results for complicated 3D 

structures such as the patellar cartilage. Once the entire volume has been meshed 

with TET10 elements, the cartilage structure is exported for further processing in 

MSC Patran. 

3.8.2  Creating Finite Element Model 

MSC Patran is used as a pre-processor to create the FEM model of the patellar 

cartilage with Nastran analysing the resulting stresses. In order to reduce the 

complexity of the analysis, the cartilage will be modelled as a linear elastic isotropic 

homogeneous material. Material properties for cartilage were researched to 

establish values for the Young’s Modulus and Poisson’s Ratio for cartilage, 

however, it was found that these values vary substantially since the means of 

determining these values vary between researchers. Various researchers modelled 

cartilage as a linear elastic material in an effort to determine the Poisson’s ratio 

[53], [54], [55] and Young’s Modulus [53], [55] for human articular cartilage. The 

results vary quite substantially, but there was enough overlapping of results to 

determine an applicable range for the Poisson’s ratio and Young’s Modulus which 

could be used in the FEM analysis. The following range was identified for the 

Poisson’s ratio (v): 

v = 0.4 – 0.48 

The Young’s Modulus (E) had a wider range, with the following range identified: 

E = 8 – 12 MPa 
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Figure 29 shows the resulting cartilage with the volume mesh as the darker blue 

lines. Once the cartilage with its volume mesh has been imported into Patran, the 

material properties (E and v) is added to the structure. 

Boundary conditions also had to be added to the model: (1) All degrees of freedom 

of the nodes situated on the osseous-cartilage boundary of the patellar cartilage had 

to be constrained, (2) a displacement boundary condition had to be added which 

accounts for the amount of compression as determined from the inverse kinematic 

analysis.   

The average compression for each specified degree of flexion will be applied to an 

identified contact area for that degree of flexion. This is done for all the investigated 

degrees of flexion and their related contact areas which will then be compared to 

projected contact stresses. Figure 30 shows an example of a displacement boundary 

condition (light blue) applied to a specific contact area.  

More specifically, the stresses will be determined for each model at flexion angles 

of zero, 30, 60, 90, and its maximum degree flexion for the passive movement and 

the same for the squat movements, but starting at 30°. The same analysis is repeated 

for the Poisson’s values of 0.4, 0.45, and 0.48 and Young’s Modulus values of 8, 

Figure 29: Patellar cartilage with added volume mesh for FEM analysis. 

Figure 30: The displacement boundary condition as applied for a specific degree 

of flexion to its related contact area. 
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10, and 12 MPa to investigate the effect that these values have on the resulting 

stresses.  

3.9 Data Processing and Analysis 

This section details the procedures used to quantify, measure, and process the 

results. This includes the various calculations and processing done to the results, 

any methods used to analyse the data, terms and definitions used for the recording 

of the data, and the presentation of the results. 

3.9.1 Measurement Procedure 

This section will briefly detail the process used to measure the resulting estimated 

cartilage surface and quantify the estimated geometry of the cartilage by using the 

measurement tools in 3-Matic. Mainly, the thickness of the cartilage was of 

concern. The thickness was able to supply important information from which 

various investigations could be done, specifically to determine the compression that 

the cartilage undergoes during the specific motion being analysed.  

The first section of the measurement procedure involved moving all the resulting 

patellar cartilage structures (passive, squat, and uncompressed) into the same space 

in the coordinate system, overlapping them, and precisely matching the shape and 

contours of the patellar bone of each patellar structure to each other. The cartilage 

models were aligned to each other by using the N-point registration tool in 3-Matic. 

This tool makes use of distinct geometrical features which will be the same on each 

model. Since the anterior osseous surface of the patella (were the ligaments attach 

and no cartilage are present) never change throughout the entire process, they were 

the perfect surfaces to use to align all the patellae together. Using the N-point 

register tool, multiple easily identifiable distinct points are selected on both patella. 

When enough points are selected (more than 10 for accurate alignment), the register 

tool aligns the two patellae exactly. The same is done for all of the remaining 

patellae for the same knee. This guarantees that the measurements will take place 

at the same point on each of the patellae and that the specific point and measurement 

could be comparable to the same point on another patella for the same knee. 

The patellae are then sectioned and cut in the coronal plane to provide a straight, 

consistent edge for measurement of the cartilage which will act as the base reference 

line. Furthermore, the patellae are sectioned in the transverse plane, dividing the 

patellae into nine sections (Figure 31) spaced at equal intervals over the cartilage 

surface. Evenly spaced points (2mm apart) are created on the base reference line, 

along the transverse axis (y-axis), from which each measurement for each of the 

patellae will be taken. The points stay at the same position in the medial-lateral 

direction, but move to the next section in the anterior-posterior direction as every 

section is finished being measured. Figure 32 displays the measurement layout for 

a single section. A measurement is taken from a point on the reference line to a 

point exactly perpendicular to the baseline point on the edge of the cartilage. 
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The thickness of the femoral cartilage at the different degrees of flexion also needs 

to be measured. This data will be important in calculating the relative compression 

of the femoral cartilage to the patellar cartilage since in the estimation process, it is 

assumed that the femoral cartilage does not compress. The femurs are all imported 

and moved to the correct position relative to the patella (correct angle of flexion), 

where the same sections in the transverse plane, as applied to the patella, are applied 

to the femur. The measurements are done from the same base reference line situated 

on the patella, but this time to the edge of the femoral cartilage. The same 

measurement is then repeated, but from the reference line to the femur without any 

cartilage present. This will allow for the calculation of the femoral cartilage 

thickness at that exact point. Both the patella and femoral point numbering start 

with point one on the right hand side of the patella and with section one starting at 

the superior end of the patella. This procedure is kept consistent with each of the 

sections. These steps are repeated for all the sections in the transverse plane for both 

knees investigated. 

3.9.2 Kinematic Model Data Processing 

This section details and defines some of the terms used and measured during the 

recording of the results for the kinematic models. The kinematic models consisted 

Measurements 

Patella 

Point count direction (Y-axis): Medial-lateral direction 

Femur 

Point 1 

Y-axis Point Y 

Figure 32: Layout for measuring thickness of femoral and patellar cartilage. 

Base reference 

line 

Figure 31: Section numbering for knee 1 (A) and knee 2 (B) during 

measurement. 

A B 

9 

1 
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of a passive and squat movement that was applied to the models for knee 1 and knee 

2. The passive movement, as described in section 3.4.2, allowed the knee to move 

with no added weights and only one out of the six degrees of freedom fixed, while 

the squat movement (section 3.4.2) allowed movement in all six degrees of freedom 

with a weight at the point where the ankle is located. 

The kinematics results visually demonstrates the resulting motion profiles for the 

passive and squat motions of knee 1 and 2 which were implemented as an input in 

the inverse kinematic analysis program. 

3.9.3 Estimated Geometry Cartilage Results 

Various calculations will be performed after the initial gathering of results in order 

to quantify and investigate the estimated patellar cartilage. Mainly, calculations will 

be performed to determine the thickness and compression of the cartilage due to a 

specific movement. The estimated geometry results provides the estimated 

geometry of the patellar cartilage while under the assumption that the femoral 

cartilage does not compress. The results for knee 1 and knee 2 documented, includes 

the unfiltered thickness results (passive and squat motions) of the models using the 

femoral cartilage as segmented from the MRI data (Models 1.1 and 2.1) and the 

models resulting from the application of the femoral cartilage as estimated in 3-

Matic (Models 1.2 and 2.2). The filtered results for model 1.1 and 2.1 are also 

documented and processed. 

As described in section 3.9.1, a number of points depending on the thickness of the 

measured section, will be measured for each section from a predefined base 

reference line (See Figure 32) which will be kept consistent throughout the analysis. 

The sectional average cartilage thickness for the patella will be calculated by 

subtracting the measurement obtained for the patella without any cartilage from the 

measurement obtained for the patella with cartilage. This calculation will be done 

for each point on the specific section to get the thickness of the cartilage at that 

specific point on a specific section. The sectional average will then be calculated 

by averaging the resulting point thicknesses. The overall average thickness for the 

patellar cartilage will in turn then be calculated by averaging all the average 

sectional thicknesses. The same is done for the femoral data. 

The percentage values for the amount of cartilage removed during the smoothing 

and filtering process, and the differences in amount of cartilage between the patellae 

which used the segmented MRI femur (Models 1.1 and 2.1) to produce the patellar 

cartilage and the estimated femoral cartilage model  (Models 1.2 and 2.2), will also 

be calculated. The percentage of cartilage removed during the filtering process will 

be calculated by determining the percentage difference between the overall average 

patellar cartilage thickness of the unfiltered results and the overall average patellar 

cartilage thickness of the filtered results. The same percentage calculation will be 

done between the estimated femoral cartilage results and the segmented 

uncompressed MRI patellar cartilage results. Additionally, the average error and 

standard deviation for each section of the patellar cartilage is calculated. The overall 

averages of these values are also calculated relating to the entire estimated patellar 

cartilage surface. 
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The estimated contact areas between the patella and femur during a specific 

movement will be determined by measuring the distance between the femur at its 

specific degree of flexion, and the patellar cartilage, for all the points of each section 

and then estimating whether the measurement taken at that point is less than 0.5 

mm. If the measurement is 0.5 mm or less, the assumption can be made that those 

two points are in contact. Due to the performance of the estimation program, a 

certain degree of uncertainty is introduced during the final stages of the cartilage 

estimation when determining the contact areas. This refers specifically to minor 

surface inconsistencies which could have been overlooked during the final filtering 

of the surface and could result in a negative result in terms of surface contact 

between the femur and the patella. By introducing the 0.5mm buffer, it ensures that 

the contact area is still identified even when there are surface inconsistencies 

present on the estimated surfaces.  

This contact area process will be done for all the points of all the sections resulting 

in an estimation of the locations and size of the contact areas for each referenced 

degree of flexion. However, it is important to note that the contact areas will only 

be determined for the femur at certain degrees of flexion, namely the normalised 

zero, 30, 60, 90, and maximum degrees of flexion. This could result in areas on the 

patellar cartilage that do not show any contact since those areas could be related to 

a degree of flexion that was not investigated. 

Finally, the volume of the estimated cartilage for each knee is also determined for 

all models being investigated (unfiltered and filtered). 

3.9.4 Patellofemoral Cartilage Compression Results 

The compression results are calculated for the same models as indicated in section 

3.9.3. The resulting compression will be calculated in a similar manner to the 

thickness calculations. The sectional average cartilage compression for the patellar 

cartilage will be determined by subtracting the measurement obtained for the patella 

with the estimated cartilage (from the passive or squat movement) from the 

measurement obtained for the patellar with the uncompressed segmented MRI 

cartilage. Each compression calculation is done for each point on every section. The 

sectional average compression is then determined by averaging the compression of 

all the points of a section. The overall average cartilage compression for the patella 

is then also determined by simply averaging the sectional averages.  Once again, 

the average error and standard deviation for each section of the patellar cartilage is 

calculated. The overall averages of these values are also calculated relating to the 

entire estimated patellar cartilage surface. 

3.9.5 Actual Patellofemoral Cartilage Compression 

The initial compression calculated refers to the compression as estimated by the 

estimation program created. This includes the simplifying assumption that the 

femoral cartilage does not compress. However, by determining the ratio of 

uncompressed cartilage thickness between the patella and femur, the actual 

compression of the patellar and femoral cartilage can be calculated.  
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The cartilage ratio between the patellar and femoral cartilages will be determined 

by calculating the ratio between the average segmented uncompressed patellar 

cartilage thickness and the average segmented uncompressed femoral cartilage 

thickness. This ratio will then be applied to the initial average patellar compression 

for each movement to determine the actual compression that the patellar cartilage 

experiences during a specific movement. This actual patellar cartilage compression 

calculated will then be subtracted from the initial patellar compression, which is the 

total compression between the patella and femur, to determine the actual 

compression that the femoral cartilage experiences during a specific movement. 

3.9.6 Finite Element Model Stress Results 

Finite element models were created for the articular cartilage to investigate the 

stresses being experienced on the surface of the patellar cartilage where the femur 

is in contact with the patella, and the underlying stress experienced by the patellar 

bone due to the compression the cartilage experiences during movement.  

As mentioned previously, the stresses are measured at specific degrees of flexion 

on their relating contact areas at varying Poisson’s Ratio’s and Young’s Moduli. 

These results are then represented as box and whisker plots to determine the 

distribution of these values at a specific degree of flexion and compression. 

Specifically the box of the plot consists of the median value being the middle line 

of the box, the upper horizontal line the Q3 value and the lower horizontal line the 

Q1 value. The maximum value can be seen as the end point of the upper whisker, 

and the minimum value the end point of the lower whisker. The Q3 value represents 

the upper quartile or the median of all the data above the overall median, and the 

Q1 value represents the lower quartile or the median of all the data below the overall 

median. 

The mesh convergence for both knees were also determined by running a FEM 

analysis for a knee keeping all the variables (v, E, compression, and contact area) 

the same, but varying the mesh size. This would determine whether the size of the 

mesh chosen for the stress analysis was small enough to provide accurate results, 

but not too small as to unnecessarily extent the simulation time. If the determined 

stress values where in a 15% range of each other, the mesh size chosen was deemed 

appropriate for the analysis performed. 
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Chapter 4 

4 Results 
This chapter will document the results as acquired during the methods explained in 

section 3. Two knees were investigated, comprising of model numbers S120331 

and S120324 which will be referred to as knee 1 and knee 2 respectively. Both of 

these models were further divided into sub-models consisting of the unfiltered and 

filtered passive and squat motions. Furthermore, for each model, the actual femoral 

cartilage as segmented from the MRI’s (Models 1.1 and 2.1) was used as well as 

the femoral cartilage as estimated by the author in 3-Matic (Models 1.2 and 2.2).  

4.1 Kinematic Motion Profile Results 

Figure 33 and Figure 34 shows the motion profiles produced by the kinematic 

trajectories for knee 1 while performing the passive and squat motions. These 

motions were used as an input to the inverse kinematic analysis.  

 

 

 

 

Figure 33: Passive motion profile for knee 1. This shows the actual degrees of flexion. 
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Figure 35 and Figure 36 shows the motion profiles produced by the kinematic 

trajectories for knee 2 while performing the passive and squat motions.  
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Figure 34: Squat motion profile for knee 1. This shows the actual degrees of flexion. 

Figure 35: Passive motion profile for knee 2. This shows the actual degrees of flexion. 
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4.2 Estimated Geometry Results 

The following section details the estimated geometry as produced by the inverse 

kinematic analysis. 

4.2.1 Segmented Uncompressed MRI Results 

The results obtained from segmenting the available MRI scans for knee 1 and knee 

2 will be detailed in the following section. These results shows the uncompressed 

cartilage for the investigated knees. 

 Knee 1 

The final results for the segmented patella and femur for knee 1 can be seen in 

Figure 37. The blue structures represent the osseous structures of the femur and 

patella, while the grey structures represent the cartilage as segmented from the 

available MRI data. 

30 degrees 

50 degrees 

60 degrees 

90 degrees 

110 degrees 

Figure 36: Squat motion profile for knee 2. This shows the actual degrees of flexion. 
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The chart in Figure 38 compares the sectional average thickness of the segmented 

cartilage of the patella and the relating thickness per section as found in literature 

[48]. The same comparison was done for the segmented femoral cartilage and can 

be found in Appendix A.1, Figure 66. 

Table 4 displays the average error and standard deviation for every section of 

patellar cartilage for knee 1. 

Figure 38: Chart comparing the average, minimum and maximum cartilage thickness per 

section as found in literature, to the average cartilage thickness of knee 1 segmented from the 

MRI data for the patella. 

Anterior view Posterior view Lateral view 

Figure 37: Anterior (Left), lateral (middle), and posterior (Right) views of the 

femur (top row) and patella (bottom row) displaying the final segmented 

cartilage for knee 1.  

Stellenbosch University  https://scholar.sun.ac.za



46 

Table 4: Sectional average error and standard deviation for the uncompressed 

cartilage of knee 1. 

Section Average Error (mm) Standard Deviation (mm) 

1 0.14 0.51 

2 0.18 0.74 

3 0.13 0.59 

4 0.17 0.76 

5 0.19 0.86 

6 0.28 1.26 

7 0.18 0.77 

8 0.13 0.53 

9 0.22 0.84 

Average 0.18 0.76 

Finally, the total overall average thickness for the segmented uncompressed 

cartilage was calculated as 3.657 mm for the patella and 2.013 mm for the femur, 

with an average standard deviation of 0.76 mm. 

 Knee 2 

The patella and femoral cartilage of knee 2 was also segmented. The final results 

as segmented from the MRI data can be seen in Figure 39.  

Anterior view Medial view Posterior view 

Figure 39: Anterior (Left), medial (middle), and posterior (right) views of the 

femur (top row) and patella (bottom row) displaying the final segmented cartilage 

for knee 2.  
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Figure 40 shows the graph comparing the averages found in literature [48] to the 

average thicknesses calculated for the segmented patellar cartilage. The section 

averages for the femur can be seen in the chart found in Appendix A.2, Figure 67. 

Table 5 displays the average error and standard deviation for every section of 

patellar cartilage for knee 2. 

Table 5: Sectional average error and standard deviation for the uncompressed 

cartilage of knee 2. 

Section Average Error (mm) Standard Deviation (mm) 

1 0.13 0.57 

2 0.14 0.6 

3 0.15 0.67 

4 0.16 0.76 

5 0.17 0.83 

6 0.17 0.82 

7 0.19 0.91 

8 0.15 0.7 

9 0.15 0.7 

Average 0.16 0.73 

Finally, the total average thickness for the segmented uncompressed cartilage was 

calculated as 2.237 mm for the patella and 2.01 mm for the femur, with an average 

standard deviation of 0.73 mm.   

Figure 40: Chart comparing the average, minimum and maximum cartilage thickness per 

section as found in literature, to the average cartilage thickness of knee 2 segmented from the 

MRI data for the patella. 
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4.2.2 Cartilage Estimation Results for Knee 1 

This section details the cartilage geometry results obtained by the application of the 

inverse kinematic analysis for knee 1. This includes the results obtained by the 

application of the passive and the squat motion profiles. Model 1.1 refers to raw 

unfiltered results obtained by using the femoral cartilage segmented from the MRI 

scans, while Model 1.2 refers to the raw unfiltered results obtained from applying 

the femoral cartilage as estimated in 3-Matic. 

Figure 41 and Figure 42 shows the estimated patellar cartilage results for knee 1 for 

the passive and squat motions respectively. 

Figure 41: The results obtained for the patellar cartilage thickness for the passive 

movement – knee 1, with (A) Model 1.1, (B) Model 1.2, and (C) filtered results for 

Model 1.1. 

A B 

C 

Figure 42: The results obtained for the patellar cartilage thickness for the squat 

movement – knee 1, with (A) Model 1.1, (B) Model 1.2, and (C) the filtered results 

for Model 1.1. 

A B 

C 
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Unfiltered Results – Knee 1: 

The graph in Figure 43 (A) shows the unfiltered patellar cartilage thickness results 

for Model 1.1 per section of the patella, comparing the passive motion with the 

squat motion results. Figure 43 (B) indicates the same results, but for Model 1.2. 

Refer to Figure 31 for the patella sections. 

In Appendix B.1 the sectional average cartilage thickness results for knee 1 can be 

seen in Table 11, showing the passive and squat results for both models 1.1 and 1.2. 

  

Figure 43: Average unfiltered patellar cartilage thickness results per section 

for knee 1 comparing the passive and squat motions, for (A) Model 1.1 and (B) 

Model 1.2 and showing the average error bars for each section. 
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B 
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The graph in Figure 44 (A) shows the unfiltered average patellar cartilage thickness 

results per section for the passive motion profile, comparing the results for model 

1.1 and model 1.2. Figure 44 (B) displays the same results, but for the squat motion 

profile.  

The unfiltered average error and standard deviation for each section of the patellar 

cartilage for models 1.1 and 1.2 can be found in Appendix B.1, Table 12 and Table 

13 respectively. The filtered results for model 1.1 can be seen in Appendix B.3, 

Table 18.  

A 

B 

Figure 44: Average unfiltered patellar cartilage thickness results per section 

for knee 1 comparing models 1.1 and 1.2, for (A) the passive motion and (B) 

the squat motion and showing the average error bars for each section. 
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Filtered Results – Knee 1: 

The graph in Figure 45 shows the filtered patellar cartilage thickness results for 

Model 1.1 per section of the patella, comparing the passive motion with the squat 

motion results. The graph also indicates the relating filtered sectional thickness 

values for the uncompressed cartilage (from MRI scans) of knee 1. 

Figure 46 displays the unfiltered vs. filtered results for model 1.1. 

Figure 45: Average filtered patellar cartilage thickness results per section for knee 1 

comparing the passive and squat motion results and showing the average error bars. 

Figure 46: The average patellar cartilage thickness results per section for knee 1, model 1.1. The 

graph compares the unfiltered vs the filtered results for both the passive and squat motion. 
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In Appendix B.3, Table 17, the filtered sectional patellar cartilage thickness results 

for model 1.1 can be viewed. Table 6 summarises the average values calculated for 

all the cartilage sections for knee 1 (unfiltered and filtered results).  

Table 6: Summary of the average values calculated for the patellar cartilage 

thickness results for knee 1. 

 Passive Squat 

 Model 1.1 

(Unfiltered) 

Model 1.2 

(Unfiltered) 

Model 

1.1 

(Filtered) 

Model 1.1 

(Unfiltered) 

Model 1.2 

(Unfiltered) 

Model 

1.1 

(Filtered) 

Average 

Cartilage 

Thickness 

(mm) 

2.082 2.442 1.771 1.165 2.068 0.658 

Cartilage 

Volume 

(mm3) 

1932.840 2359.670 1802.210 1332.770 1949.460 962.580 

Average 

Error 

(mm) 

0.190 0.230 0.160 0.250 0.260 0.230 

Standard 

Deviation 

(mm) 

0.820 0.960 0.660 1.080 1.100 0.970 

The results for the passive motion showed that an average of 14.95% (or an average 

of 0.311 mm) of the cartilage was removed during the filtering and smoothing step 

for the model 1.1. Also, the patellar cartilage resulting from the use of the model 

1.1 had on average 14.74% (or a thickness average of 0.36 mm) less cartilage than 

the patellar cartilage resulting from using model 1.2. 

The results for the squat movement showed that an average of 43.52% (0.507 mm) 

of cartilage was removed during the filtering and smoothing step for the model 1.1. 

Also, model 1.1 had on average 43.67% (0.903 mm) less cartilage than model 1.2. 

Finally, the estimated contact areas for the passive and squat motion of model 1.1 

(knee 1) can be seen in Appendix C.1 and C.2, Figure 68 and Figure 69. 

4.2.3 Cartilage Estimation Results for Knee 2 

This section details the cartilage geometry results obtained by the application of the 

inverse kinematic analysis for knee 2. This includes the results obtained by the 

application of the passive and the squat motion profiles. Model 2.1 refers to raw 

unfiltered results obtained by using the femoral cartilage segmented from the MRI 

scans, while Model 2.2 refers to the raw unfiltered results obtained from applying 

the femoral cartilage as estimated in 3-Matic. 

Figure 47 and Figure 48 shows the estimated patellar cartilage results for knee 2 for 

the passive and squat motions respectively. 
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Unfiltered Results – Knee 2: 

The graph in Figure 49 (A) shows the unfiltered patellar cartilage thickness results 

for Model 2.1 per section of the patella, comparing the passive motion with the 

squat motion results. Figure 49 (B) indicates the same results, but for Model 2.2. 

 

Figure 47: The results obtained for the patellar cartilage thickness for the passive 

movement – knee 2, with (A) Model 2.1, (B) Model 2.2, and (C) filtered results for 

Model 2.1. 

A B 

C 

Figure 48: The results obtained for the patellar cartilage thickness for the squat 

movement – knee 2, with (A) Model 2.1, (B) Model 2.2, and (C) filtered results for 

Model 2.1. 

A B 

C 
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In Appendix B.2 the sectional average cartilage thickness results for knee 2 can be 

seen in Table 14, showing the passive and squat results for both models 2.1 and 2.2. 

The graph in Figure 50 (A) shows the unfiltered average patellar cartilage thickness 

results per section for the passive motion profile, comparing the results for model 

2.1 and model 2.2. Figure 50 (B) displays the same results, but for the squat motion 

profile.  

Figure 49: Average unfiltered patellar cartilage thickness results per section for 

knee 2 comparing the passive and squat motions, for (A) Model 2.1 and (B) Model 

2.2, and showing the average error bars for each section. 

A 

B 
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The unfiltered average error and standard deviation for each section of the patellar 

cartilage for models 2.1 and 2.2 can be found in Appendix B.2, Table 15 and Table 

16 respectively. The filtered results for model 2.1 can be seen in Appendix B.3, 

Table 19.  

 

 

A 

B 

Figure 50: Average unfiltered patellar cartilage thickness results per section for 

knee 2 comparing models 2.1 and 2.2, for (A) the passive motion and (B) the squat 

motion, and showing the average error bars for each section. 
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Filtered Results – Knee 2: 

The graph in Figure 51 shows the filtered patellar cartilage thickness results for 

Model 2.1 per section of the patella, comparing the passive motion with the squat 

motion results. The graph also indicates the relating filtered sectional thickness 

values for the uncompressed cartilage of knee 2. 

Figure 52 displays the unfiltered vs. filtered results for model 2.1. 

Figure 51: Average filtered patellar cartilage thickness results per section for knee 2 

comparing the passive and squat motion results and showing the average error bars. 

Figure 52: The average patellar cartilage thickness results per section for knee 2, model 2.1. The 

graph compares the unfiltered vs the filtered results for both the passive and squat motion. 
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In Appendix B.3, Table 17, the filtered sectional patellar cartilage thickness results 

for model 2.1 can be viewed. Table 7 summarises the average values calculated for 

all the cartilage sections for knee 2 (unfiltered and filtered results).  

Table 7: Summary of the average values calculated for the patellar cartilage 

thickness results for knee 2. 

 Passive Squat 

 Model 2.1 

(Unfiltered) 

Model 2.2 

(Unfiltered) 

Model 

2.1 

(Filtered) 

Model 2.1 

(Unfiltered) 

Model 2.2 

(Unfiltered) 

Model 

2.1 

(Filtered) 

Average 

Cartilage 

Thickness 

(mm) 

1.747 2.898 1.520 1.398 2.911 1.251 

Cartilage 

Volume 

(mm3) 

2139.570 3319.910 2104.430 1502.630 2258.620 1386.950 

Average 

Error 

(mm) 

0.210 0.190 0.140 0.180 0.170 0.160 

Standard 

Deviation 

(mm) 

0.960 0.890 0.590 0.810 0.800 0.660 

The results for the passive motion showed that an average of 12.99% (or an average 

of 0.227 mm) of the cartilage was removed during the filtering and smoothing step 

for the model 2.1. Also, the patellar cartilage resulting from the use of the model 

2.1 had on average 39.71% (or a thickness average of 1.515 mm) less cartilage than 

the patellar cartilage resulting from using model 2.2. 

The results for the squat movement showed that an average of 10.51% (0.147 mm) 

of cartilage was removed during the filtering and smoothing step for the model 2.1. 

Also, model 2.1 had on average 51.98% (1.513 mm) less cartilage than model 2.2. 

Finally, the estimated contact areas for the passive and squat motion of model 2.1 

(knee 2) can be seen in Appendix C.3 and C.4, Figure 70 and Figure 71. 

4.3 Patellofemoral Cartilage Compression 

This section will detail the compression results for both knees through the 

application of each motion. These results relate to filtered models 1.1 and 2.1. The 

compression refers to results under the assumption that the femoral cartilage does 

not compress, thus the total compression of cartilage between the femur and patella. 
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4.3.1 Average Cartilage Compression for Knee 1 

This section details the average compression that the patellar cartilage experiences 

due to its relating passive and squat motion for model 1.1 of knee 1. Figure 53 

demonstrates a 3D surface plot of the layered surface cartilage results for the three 

states, indicating the relative compression due to the different motions.    

Figure 54: Average Cartilage Compression for model 1.1 of knee 1 for each 

degree of flexion investigated (Passive Motion) 

Figure 53: The surface plots of the compression results for knee 1 showing how much the 

passive and squat movement compressed the uncompressed segmented cartilage. 

Uncompressed Cartilage, Passive, and Squat Compressions 

Superimposed – Knee 1 
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Figure 54 and Figure 55 shows the average compression of the cartilage for each 

degree of flexion that was investigated for the passive and squat motions 

respectively.   

Figure 56 shows the difference between the passive and squat motion results for the 

average cartilage compression per section of knee 1. See Appendix D, Table 20, for 

the calculated patellar cartilage compression results per section. 

The filtered average error and standard deviation for each section of the patellar 

cartilage for model 1.1 can be found in Appendix D.2, Table 21. Table 8 

summarises the total average compression results.  

Figure 56: Plot indicating the average patellar cartilage compression per section 

for model 1.1 of knee 1. The plot indicates the difference in sectional compression 

between the passive and squat motions and showing the average error bars for 

each section. 

Figure 55: Average Cartilage Compression for model 1.1 of knee 1 for each 

degree of flexion investigated (Squat Motion) 
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Table 8: Summary of the average values calculated for the patellar cartilage 

compression results for knee 1, model 1.1. 

 Passive Squat 

Average Cartilage Compression (mm) 1.87 3.13 

Average Compression (%) 51.13 85.58 

Average Error (mm) 0.18 0.26 

Standard Deviation (mm) 0.76 1.11 

4.3.2 Average Cartilage Compression for Knee 2 

This section details the average compression that the patellar cartilage experiences 

due to its relating passive and squat motion for model 2.1 of knee 2. Figure 57 

demonstrates a 3D surface plot of the layered surface cartilage results for the three 

states, indicating the relative compression due to the different motions.    

Uncompressed Cartilage, Passive, and Squat Compressions 

Superimposed – Knee 2 

Figure 57: The surface plots of the compression results for knee 2 showing how much the 

passive and squat movement compressed the uncompressed segmented cartilage.  
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Figure 58 and Figure 59 shows the average compression of the cartilage for each 

degree of flexion that was investigated for the passive and squat motions 

respectively.  

 

Figure 60 shows the difference between the passive and squat motion results for the 

average cartilage compression per section of knee1. See Appendix D, Table 20, for 

the calculated patellar cartilage compression results per section. 

 

 

Figure 58: Average Cartilage Compression for model 2.1 of knee 2 for each 

degree of flexion investigated (Passive Motion) 

Figure 59: Average Cartilage Compression for model 2.1 of knee 2 for each 

degree of flexion investigated (Squat Motion) 
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The filtered average error and standard deviation for each section of the patellar 

cartilage for model 2.1 can be found in Appendix D.3, Table 22. Table 9 

summarises the total average compression results.  

Table 9: Summary of the average values calculated for the patellar cartilage 

compression results for knee 2, model 2.1 

 Passive Squat 

Average Cartilage Compression (mm) 0.766 1.038 

Average Compression (%) 34.24 46.4 

Average Error (mm) 0.08 0.10 

Standard Deviation (mm) 0.32 0.40 

4.3.3 Relative Compression Ratio of Femoral to Patellar Cartilage 

As mentioned previously, the initial compression outcomes were as a result of 

assuming that the femoral cartilage does not compress. This section documents the 

calculated ratio of cartilage between the patella and femur. 

The average segmented patellar cartilage thickness for knee 1 was 3.657 mm and 

the femoral cartilage was 2.013 mm. This resulted in a ratio of 3.657:2.013 (Patella: 

Femur). The same ratio was determined for knee 2 with the resulting ratio of 

2.237:2.01 (Patella: Femur).  

4.3.4 Actual Compression of Patellar and Femoral Cartilage 

The ratios determined in section 4.3.3 were applied to the total initial compressional 

results in Section 4.3 to determine the actual average compression that the patellar 

Figure 60: Plot indicating the average patellar cartilage compression per 

section for model 2.1 of knee 2. The plot indicates the difference in sectional 

compression between the passive and squat motions and showing the average 

error bars for each section. 
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and femoral cartilage undergoes while performing a specific movement. This 

section documents the resulting final compression results for both knee 1 and 2 

undergoing the passive and squat movement.  

When applying the ratio of 3.657:2.013 to the initial overall average compression 

results for the passive movement of knee 1, a final average cartilage compression 

of the original uncompressed patellar cartilage of 1.205 mm (32.95%) was 

calculated for the patellar cartilage and an average cartilage compression of 

0.663 mm (32.94%) for the femoral cartilage. The final average cartilage 

compression for the squat movement was 2.019 mm (55.20%) for the patellar 

cartilage and 1.111 mm (55.19%) for the femoral cartilage. Refer to Figure 54 and 

Figure 55 to see the comparison between the total compression and the adapted 

patellar cartilage compression for model 1.1 

The ratio of 2.237:2.01 was applied to the initial overall average compression 

results of knee 2. The final average cartilage compression of the original patellar 

cartilage for the passive movement was calculated as 0.403 mm (18.02%) of 

compression for the patellar cartilage and 0.362 mm (18.01%) of compression for 

the femoral cartilage.  The squat movement resulted in a final average compression 

of 0.547 mm (24.45%) for the patellar cartilage and 0.491 mm (24.42%) for the 

femoral cartilage. Refer to Figure 58 and Figure 59 to see the comparison between 

the total compression and the adapted patellar cartilage compression for model 2.1. 

4.4 Finite Element Model of the Patellar Cartilage 

FEM models of the patellar cartilage were created to determine the resulting stresses 

on the patellar cartilage during a specific movement (passive or squat). These 

resulting stresses for both knee 1 and knee 2 (Models 1.1 and 2.1) will be 

documented in this section.  

4.4.1 Patellar Stresses – Knee 1 

In Appendix E.1 and E.2, Table 23 to Table 25 shows the resulting stresses obtained 

due to the pressure the passive movement places on the patellar cartilage and the 

patellar bone beneath, while Table 26 to Table 28 shows the resulting stresses due 

the squat movement.  

Figure 61 shows box and whisker plots for the passive movement where the orange 

and grey boxes represent the stresses on the cartilage surface and the blue and green 

represents the stresses on the patellar bone. Each individual box and whisker chart 

gives the distribution of the recorded stresses at a specific compression and degree 

of flexion, but at different Poisson’s Ratio’s and Young’s Moduli. 
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Figure 62 shows the same plots as shown for the passive movement, but for the 

squat movement instead.  

h 

Figure 61: Box and whisker chart for the passive movement of knee 1. Grey 

and orange represents the stresses recorded on the cartilage surface and the 

green and blue the stresses on the patellar bone surface. 

Cartilage Surface 

Osseous Surface 

Figure 62: Box and whisker chart for the squat movement of knee 1. Grey and 

orange represents the stresses recorded on the cartilage surface and the green 

and blue the stresses on the patellar bone surface. 

Cartilage Surface 

Osseous Surface 
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4.4.2 Patellar Stresses – Knee 2 

In Appendix E.3 and E.4, the resulting stresses obtained for knee 2 from the FEM 

analysis can be found in Table 29 to Table 31 for the passive movement and Table 

32 to Table 34 for the squat movement. The graphical results for the passive 

movement can be viewed in Figure 63. Figure 64 shows the box and whisker plots 

for the squat movement of knee 2.  

Figure 63: Box and whisker chart for the passive movement of knee 2. Grey and 

orange represents the stresses recorded on the cartilage surface and the green and 

blue the stresses on the patellar bone surface. 

Cartilage Surface 

Osseous Surface 

Figure 64: Box and whisker chart for the squat movement of knee 2. Grey and 

orange represents the stresses recorded on the cartilage surface and the green and 

blue the stresses on the patellar bone surface. 

Cartilage Surface 

Osseous Surface 
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4.4.3 Mesh Analysis 

Table 10 details the number of nodes and elements for the volumes meshes used 

during the FEM analysis of knee 1 and knee 2. 

Table 10: Mesh analysis data for knee 1 and knee 2 as used during the FEM 

analysis. 

Mesh Analysis for Knee 1 and 2 

 Knee 1 Knee 2 

Mesh Type Volume Mesh Volume Mesh 

Element Type TET10 TET10 

Number of Nodes 82295 132161 

Number of Elements 44678 87978 

4.4.4 Test for Mesh Convergence 

The graph in Figure 65 shows the mesh convergence plot for knee 1 and 2 indicating 

the stresses under the same conditions, but for different mesh sizes. 

The stress values was calculated to be within a 6.7% range of each other for knee 1 

and within a 13% range for knee 2. 

  

Figure 65: Test for convergence for knee 1 and 2 
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Chapter 5 

5 Discussion 

5.1 Estimated Geometry Cartilage Results 

This section discusses the final resulting cartilage that was estimated using the 

kinematic models and the designed cartilage estimation program as documented in 

section 4.2. 

5.1.1 Segmented Uncompressed MRI Results 

The most significant finding that could be seen from the results of the cartilage 

segmented from the MRI scans, were that the cartilage segmented for the patellae 

and femurs for both knees where segmented accurately. This means that the 

cartilage could be implemented in the estimation process.  

The visual results of the segmented patellar cartilage for knee 2 (Figure 39) shows 

a substantial thickness difference when comparing the results to those for knee 1 in 

Figure 37. The results for knee 2 shows a much thinner patellar cartilage than the 

cartilage for knee 1.  

It is noted from the chart in Figure 38 that the average sectional patellar cartilage 

thickness recorded from the segmented MRI data of knee 1 follows the trend of the 

average cartilage thickness as found in literature[48]. Also, the segmented cartilage 

stays within the minimum and maximum boundaries for patellar cartilage thickness. 

In Appendix A, the chart containing the data for the femur can be found. The chart 

comparing the average cartilage thicknesses for the femur (Figure 66) shows the 

same trend as the data in Figure 38, staying within the minimum and maximum 

cartilage thicknesses.  

In Figure 40, it is noted that the segmented patellar cartilage for knee 2 closely 

follows the minimum recorded sectional thickness from literature, even falling 

below the minimum. The femur (Figure 67), however, lies well within the 

maximum and minimum range for segmented femoral cartilage closely following 

the average cartilage thickness (from literature) for most of the measured sections. 

This shows that the femoral cartilage for knee 2 was segmented close to the actual 

cartilage. The results for the segmented patellar cartilage indicate that the patellar 

cartilage thickness for knee 2 is below average and close to the minimum cartilage 

thickness as indicated by literature.  

Knee 1 reported a 0.76 mm standard deviation (with a mean of 3.657 mm) for the 

patellar cartilage results, while knee 2 reported a standard deviation of 0.73 mm 

(with a mean of 2.237 mm). For both cases the standard deviation is small relative 

to the reported means, indicating that the data for both cases are closely clustered 

around the mean. Small standard errors were also reported for the segmented 
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patellar cartilage of both knees, indicating that the calculated mean is a reliable 

representation of the actual mean cartilage thickness.  

Finally, the fact that the patellar cartilage for knee 2 does not lie close to the 

averages found in literature, indicates that the patellar cartilage was either poorly 

segmented, or that the patellar cartilage is just anatomically out of the standard 

average cartilage thickness range as indicated by literature. Since the cadaver 

donors’ ages ranged from 76 to 95 years, the thin cartilage on knee 2 could possibly 

indicate that the knee was arthritic. The femoral cartilage for this model (knee 2) 

and the patellar and femoral cartilage for knee 1 was segmented with accuracy, it 

can thus be concluded that the thin patellar cartilage segmented for knee 2 is due to 

anatomical differences and not poorly segmented cartilage. This indicates that the 

uncompressed cartilage segmented from the MRI scans were accurately segmented 

and could be implemented in the estimation process.  

5.1.2 Cartilage Estimation Results for Knee 1 and 2 

It was found that the inverse kinematic analysis program designed was able to 

estimate the geometry of the patellar cartilage using kinematics and the 

uncompressed cartilage from the MRI scans. 

The initial visual inspection of the estimated patellar cartilage results for the passive 

movement of both knees showed a well-shaped estimation of the patellar cartilage 

that agrees with the shape and location of patellar cartilage as found in literature 

[48]. The rough surfaces for the unfiltered results are as a result of ridges and 

surface inconsistencies overlooked during the segmentation process of the femoral 

cartilage which was then carried over to the patellar surface during the estimation 

process.  

Upon the initial visual inspection of the squat results in Figure 42 and Figure 48, it 

is noted that the patellar cartilage has predominantly the same shape and location 

as was found produced by the passive movement. It was, however, noted that the 

thickness of the patellar cartilage was thinner for the results produced by the squat 

movement than for the results produced by the passive movement. This is as 

expected since the squat movement applies a greater pressure on the patellar 

cartilage than the passive movement which will result in a more compressed and 

thinner patellar cartilage result. Another important observation made, was that the 

patellar cartilage seems to intersect the patellar bone, which it should not. This is, 

however, due to the assumption that the femoral cartilage does not compress, made 

prior to running the patellar cartilage estimation program. The amount of 

compression seen in these initial results are the total compression that would take 

place for both the femoral and patellar cartilage, however the program only applies 

it to the patellar cartilage.  

Estimated vs Segmented Femoral Cartilage 

The estimated patellar cartilage that originates from using the author estimated 

femoral cartilage was included to compare whether the estimation of the femoral 

cartilage could be used in the overall estimation process instead of the femoral 

cartilage segmented from the MRI scans. For the passive movement, as deduced 
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from Figure 44A, it was found that for knee 1 the difference between the overall 

average patellar cartilage thicknesses of models 1.1 and 1.2 was 0.36 mm or 

14.74%. A standard deviation of 0.82 mm for model 1.1 and 0.96 mm for model 1.2 

indicated that for both models the data is clustered around the calculated mean. The 

standard errors calculated for all the investigated cases, showed similar results 

indicating that the calculated means was a relatively accurate reflection of the actual 

population means. This indicates that for knee 1, model 1.2 could have been used 

to recreate the patellar cartilage for the passive movement. Knee 2 (Figure 50A), 

however, showed an overall average patellar cartilage thickness difference of 

1.515 mm or 39.71%. The standard deviations calculated for knee 2 showed that 

the data was once again clustered around the mean, but less so than for knee 1. Even 

though knee 1 and knee 2 showed the trend that the segmented cartilage resulted in 

a thinner overall average cartilage thickness, the big difference in thicknesses 

between model 2.1 and 2.2 shown by knee 2 indicates that it is difficult to create an 

accurate and consistent estimation of the femoral cartilage.  

For the squat movement, it can be seen in Figure 44B that the segmented femoral 

cartilage (model 1.1) used to estimate the patellar cartilage for knee 1 resulted in a 

0.903 mm (43.67%) thinner patellar cartilage thickness than when using the 

estimated femoral cartilage (model 1.2). Knee 2 (Figure 50B) showed a 1.513 mm 

(51.98%) thinner patellar cartilage thickness from using model 2.1 than using model 

2.2. The standard deviations for the squat motions showed that the data for knee 1 

was less densely clustered around the mean than for knee 2. Also, in general the 

squat results was less densely clustered around the mean than for the passive results. 

The difference between the cartilage thickness of the models created using the 

segmented femoral cartilage and the estimated femoral cartilage is large, further 

indicating that the use of the estimated femoral cartilage to determine the patellar 

cartilage is not accurate and reproducible. 

Unfiltered vs Filtered Cartilage 

The unfiltered and filtered data for the passive movement of knee 1 (model 1.1) is 

compared in Figure 46 and shows an average thickness difference of 0.311 mm or 

14.95%, indicating that only a small percentage of material was removed during the 

smoothing and filtering process. On closer inspection of the data points of each 

section, the majority of the material was removed on the outer edges of the patellar 

cartilage (the medial and lateral edges) where the cartilage estimation program 

would start wrapping the created cartilage around the femoral condyles. Knee 2 

(Figure 52) shows a similar removal of material during the smoothing and filtering 

of the unfiltered data (model 2.1) of 0.227 mm or 12.99%. This reduction in 

material found during the filtering process for both knees indicated that the filtering 

and smoothing process mostly removed material which improve the geometry of 

the final estimated cartilage.  

One of the steps in the smoothing and filtering process is comparing the shape and 

curves of the resulting cartilage to the MRI segmented cartilage which gives a good 

indication of the general shape of the cartilage. During the smoothing process, the 

areas of the created patellar cartilage which are too thick as a result of the program 
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wrapping the cartilage around the femoral condyles, would be reduced. The 

thickness of the initial cartilage base material which is used to form and shape the 

final patellar cartilage, has an effect on how much the program wraps the cartilage 

around the femoral condyles. The thicker this initial estimation, the thicker the 

outside edges of the patellar cartilage would be since the femur is not in contact 

with the patella on these outer edges. 

The smoothing and filtering process for the squat movement (Figure 46) removed 

an average of 0.507 mm (43.52%) of the created cartilage from the unfiltered results 

for knee 1 (model 1.1). As for the passive movement results, the filtering process 

for the squat removed the majority of the cartilage on the medial lateral edges. In 

the case of knee 1 the initial patellar cartilage estimation material was thicker than 

for the model during the passive movement, thus more material had to be removed. 

This, however does not have an effect on the majority of the resulting patellar 

cartilage. Knee 2 (Figure 52) only removed 0.147 mm (10.51%) of material from 

the unfiltered results during the filtering process indicating that the initial patellar 

material estimation for this model resulted in a close approximation of the patellar 

cartilage. This meant that little material had to be removed from the outer edges to 

estimate the geometry of the cartilage. 

Finally, the standard deviations calculated for the filtered results for knee 1 and 

knee 2, both indicated that the filtered data was more densely clustered around the 

mean in comparison to the unfiltered data, showing that the filtering process 

increased the reliability of the results. Furthermore, the average errors for the 

filtered data of both knees was also smaller than the unfiltered data, further 

indicating that the filtering process improved mean results and created a more 

accurate reflection of the population mean.  

Cartilage Volumes 

The recorded cartilage volumes for knee 1 also indicated a reduction in volume 

from the passive to the squat motions. The same trend was seen for knee 2. 

Furthermore, the volume results for knee 1 and knee 2 for both motions identified 

that the cartilage estimated from the estimated femoral cartilage resulted in larger 

volumes than the cartilage estimated using the segmented femoral cartilage, further 

demonstrating that difficulty of accurately estimating the femoral cartilage.  

Contact Areas 

The contact areas for knees 1 and 2 where the patella and femur come into contact 

during the passive movement was identified to determine whether the created 

cartilage estimation program was able to create the correct indents in the cartilage 

at the correct contact areas and to see whether it follows the same shape and general 

placement as found in literature. 

As found in literature [27], the femur is in contact with the superior section of the 

patella when it is at its maximum degree of flexion and as the degree of flexion 

decreases, the contact area on the patellar cartilage moves in the inferior direction. 

Although the pattern does not agree exactly with literature, it still follows the same 

trend in terms of decreasing degrees of flexion which comes in contact moving in 
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an inferior direction on the patellar cartilage surface. These results were seen for 

the passive movement of both knees. The areas showing no contact would be the 

areas where other degrees of flexion that were not specifically investigated, but still 

used during the estimation process, would have been in contact with the patellar 

cartilage. 

Knee 2 shows less contact between the patella and femur at the designated degrees 

of flexion, but this could be due to fact that the patellar cartilage for knee 2 is much 

thinner than normal patellar cartilage thickness. Thinner cartilage allows for less 

compression, and since the program that estimates the cartilage uses the indentation 

the femur makes to create the cartilage, thinner cartilage would result in smaller 

contact areas. 

The contact areas for both knees for the squat movement differ from the passive 

movement, but overall still conforms to the general established pattern. The contact 

areas for the squat movement moved in the superior direction in relation to the 

passive movement where the squat movement has a greater contact area between 

the patella and femur during the maximum degree of flexion as would be expected 

during a squat movement. The passive movement tend to show a greater interaction 

between the patellar and femur during the mid-range degrees of flexion, while the 

squat movement has a greater impact on the cartilage during the outer (minimum 

and maximum) degrees of flexion. 

Passive vs Squat Motions 

Overall, a difference is noted between the passive and squat movements in terms of 

the resulting thicknesses of the estimated patellar cartilage, with the squat 

movement resulting in a thinner patellar cartilage. This can be seen by the plots as 

shown in Figure 43 and Figure 45 for knee 1 and Figure 49 and Figure 51 for knee 

2. Since the squat movement applies a greater pressure on the patella during the 

motion, it is to be expected that the cartilage estimated from the squat motion would 

be thinner than the cartilage estimated for the passive motion. The contact areas 

also exhibited differences between the passive and squat movement, which is as 

expected since the movements differ in terms of trajectories, degrees of freedom 

constrained, and amount of weight applied to the movement which would result in 

a different interaction between the femur and patella and thus contact areas.  

5.2 Patellofemoral Cartilage Compression 

The initial patellar cartilage compressional results documented, was the cartilage 

compression that was created and estimated under the assumption that the femoral 

cartilage does not compress, i.e. the total compression that both the femoral and 

patellar cartilage undergoes, but only applied to the patellar cartilage. This was done 

in an effort to simplify the designed program, and use the femur as little as possible 

during the estimation of the patellar cartilage.  
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5.2.1 Average Cartilage Compression for Knee 1 and 2 

It was found that the squat motion consistently resulted in a larger compression than 

the passive motion. Also, larger compression values was reported at lower flexion 

angles. 

Knee 1 reported a compression of 51.13% produced by the passive movement and 

85.58% produced by the squat movement. These compression values seem quite 

large, indicating that half of the cartilage is compressed during the passive 

movement and over three-quarters of the original cartilage is compressed during the 

squat movement. However, the fact that these values refer to the total compression 

of both the femoral and patellar cartilage implies that these values will be smaller 

once the total compression is distributed between the femoral cartilage and patellar 

cartilage.  

It is noted from Figure 56 that the squat movement for knee 1 results in a larger 

compression than the passive movement which is as expected since the squat 

movement applies greater forces to the patellofemoral joint than the passive 

movement. Figure 53 gives the 3D representation of the three cartilage layers which 

gives a good representation of the relative compression between the three layers of 

cartilage.  This image shows a large compression from the uncompressed cartilage 

to the passive cartilage which is for the most part as a result of the uncompressible 

femoral cartilage assumption. However, the uncompressed cartilage from which the 

compression were measured could also have been over estimated during the 

segmentation of the MRI data. 

In Figure 60, knee 2 presented compressional results considerably smaller than knee 

1. The passive movement recorded an average compression of 34.24% and the squat 

movement resulted in a 46.40% compression. Figure 57 shows more densely 

stacked cartilage layers which could be as a result of the already notably thin 

original uncompressed cartilage for knee 2. The thinner the cartilage, the less 

compression will take place since the material structure of cartilage provides more 

resistance as the cartilage gets more compressed. Since the original cartilage is quite 

thin, the cartilage will provide much more resistance for the same amount of 

compression and thus will undergo less relative compression.  

The compression for each flexion angle can be seen in Figure 54 and Figure 55 for 

the passive and squat motions of knee 1 and Figure 58 and Figure 59 for the passive 

and squat motions of knee 2. All four cases indicates that the compression 

experienced at a lower flexion angle is larger and decreases as the flexion angle 

increases. This is not as expected since the pressure increases with an increase in 

flexion angle, however, it should be noted that the patellofemoral contact areas at 

lower flexion angles are situated on the sections of the femur where there are 

relatively thick cartilage as opposed to the rest of the articulating surfaces. Thicker 

cartilage areas will result in larger compression results since the thicker the 

cartilage, the larger the relative compression will be.  

Furthermore, since the compression data is calculated from the segmented MRI 

scans, any over or under segmentation of the MRI patellar cartilage could result in 

these inconsistencies. By comparing the relative compression between the passive 
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and squat motions, the inaccuracies that could possibly have been introduced 

through the use of the MRI data was removed. It was found that the relative 

compression between the passive and squat motions actually resulted in an increase 

in compression as the degree of flexion increases, which is as to be expected.  It is 

also noted for the passive movement that there is no contact at zero degrees for both 

knees. This can be explained by the fact that during the collection of the 

experimental data, the patella was lifted away from the femur at zero degrees 

meaning there was no contact between the patella and femur at zero degrees during 

the experimental phase and thus would not show in the results.  

Finally, the standard deviations calculated for the passive and squat motions for 

both knee 1 and 2 was very similar indicating that all the compressional data was 

closely clustered around their relating mean. Small standard errors was also 

calculated for all four cases signifying that calculated sample means was an accurate 

reflection of the actual population mean. 

5.2.2 Actual Compression of Patellar and Femoral Cartilage 

The compression ratios determined for knee 1 and 2 was used to determine the 

actual predicted patellar and femoral cartilage compression during the specific 

movements. When looking at each model’s determined ratio, it is noted that the 

resulting smaller ratio produced for knee 2 indicates that the patellar cartilage for 

knee 2 will compress less relative to knee 1. Also, the application of the cartilage 

ratio decreases the amount that the patellar cartilage compresses.  

When applying the determined cartilage ratio for knee 1 to its initial compression 

results, a 32.95% compression of the patellar cartilage was calculated for the 

passive movement and a 55.20% compression of the patellar cartilage was 

calculated for the squat movement. This showed a decrease in 18.18% compression 

for the passive movement and a 30.38% reduction in patellar cartilage compression 

for the squat movement by applying the cartilage ratio. These newly calculated 

patellar cartilage compression values represent the actual compression that the 

patella undergoes during the specific movements, now taking into account that the 

femoral cartilage also compresses during movement. The femoral cartilage 

compressed less than the patellar cartilage since the femoral cartilage is on average 

thinner than patellar cartilage. 

The newly calculated actual compression for knee 2 resulted in an actual patellar 

cartilage compression of 18.02% for the passive movement, and 24.45% for the 

squat movement. This ratio applied to knee 2 resulted in a reduction 16.22% 

reduction in compression for the passive movement and a 21.95% reduction for the 

squat movement from the initial compression results. There is still a large difference 

in relative compression between knee 1 and knee 2, but as mentioned previously it 

could be attributed to how thin the original cartilage for knee 2 is. 

The compression results is larger than expected, but could be attributed to the 

uncompressed cartilage. Even though the results indicated that the uncompressed 

cartilage was accurately segmented from the MRI scans as seen from their sectional 

averages, the accuracy of the MRI segmentation is still largely dependent on the 
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skill level of the individual segmenting the cartilage. This could introduce 

significant variability into the segmentation results. A small inaccuracy in the 

segmented results could significantly influence the representation of the 

compression results and result in larger compression results than expected. 

Therefore the compression results are not accurate enough to represent the actual 

compression that the patellofemoral joint experiences during these motions, but 

serves as a relative indication of the compressions that the patellofemoral joint 

experiences during movement. This is especially relevant to the compression 

changes between the passive and squat since it’s not reliant on the segmented 

cartilage.  

5.3 Finite Element Model of the Patellar Cartilage 

The results recorded from the designed FEM models most significantly indicated 

that the stresses were higher for the squat motions than for the passive motions. 

Furthermore, it was deduced that the smaller values chosen for the Poisson’s ratio 

and Young’s Moduli resulted in stresses that vary less from the median. It was also 

noted that the stresses recorded on the osseous surfaces consistently resulted in 

higher stresses than the recorded on the cartilage surface. 

Convergence plots, Figure 65 (Section 4.4.4), were created showing the stresses for 

different test cases where all the variables were kept the same, but the mesh size 

were changed. The stresses for knee 1 was within a 6.7% range of each other while 

the stresses for knee 2 were recorded to be in a 13% range of each other. The plots 

for both knees showed convergence, indicating that the 1mm meshes applied in the 

FEM analysis for both knees were small enough to produce accurate results, but not 

so small as to unnecessarily increase the simulation time without increasing the 

accuracy of the results. 

It is difficult to relate the recorded results to stresses found in literature since the 

conditions under which the results were recorded were not exactly the same as 

found in literature. It is still, however, relevant to compare the results and see 

whether they are in the same general stress range as found in literature. Section 2.3 

concluded that under normal everyday movement, the stresses on the cartilage 

would be in the range of 0.2 – 2.5 MPa, however, it further noted that these stresses 

can potentially peak to stresses in the range of 12 MPa. Since the median values all 

fall within the range, it can be assumed that reasonable assumptions and conditions 

were applied to the FEM analysis which provides some assurance in the accuracy 

of the stress results. 

The box and whisker plots (Figure 61 to Figure 64) not only display the distribution 

of the stress values at a certain degree of flexion with varying Poisson’s Ratio’s and 

Young’s Moduli, but also shows how the stress on the cartilage surface relates to 

the stress on the patellar bone. In general for all the models, it was found that the 

stress experienced on the patellar osseous surface was similar, but bigger than the 

stresses experienced at the articular cartilage surface.  
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Generally, the results does not produce any conclusive evidence to support using a 

certain Poisson’s ratio and Young’s Modulus over another, it does however tend to 

produce results in a more appropriate stress range when using lower values for the 

Poisson’s Ratio’s and Young’s Modulus. Most of the box plots tend to have smaller 

lower quartiles than upper quartiles pointing to the fact that the average stresses 

tend to be below the medians. This also indicates that the lower values for the 

Poisson’s Ratio’s and Young’s Moduli (which results in the lower stresses) produce 

stress that vary less than when using the higher values for these ratios. In most cases 

the lower 50% of the data is more tightly grouped than the upper 50%, indicating 

that higher combinations of the Poisson’s Ratio’s and Young’s Moduli results in a 

bigger variation in stress and also more frequently results in un-relating stress 

spikes. This indicates again that the lower values v and E produces more consistent 

stress predictions. 

The passive movement for both models indicates stresses at two or three measured 

degrees of flexion to be in the same stress range and the other degree of flexion to 

be in a smaller stress range. These differences could be attributed to the changes in 

contact area size and location, the amount of compression, and the cartilage 

thickness of the contact area being investigated.  

Furthermore, we note for all cases that the stress tend to decrease at the maximum 

degree of flexion. Since the forces increase and contact areas decreases with an 

increase in flexion, it is expected to rather see a gradual increase in stress as the 

flexion angle increases. This sudden drop in stress can, however, be explained by 

the fact that as the knee moves into deep flexion, some of the load experienced by 

the patella is shared by the quadriceps tendon, decreasing the stress experienced by 

the patella during deep flexion.  

The results also consistently indicate that the squat motions result in much larger 

stresses on both the articulating cartilage surface and the osseous surface. The 

deformation as a result of the passive motion could thus be a better option to 

implement in potentially improving patellar replacements since the smaller 

deformation would results in smaller stresses on the remaining patellar bone while 

still implementing deformation to the patellar replacement in the hopes of 

improving prosthesis comfort and fit.    

5.4 Accuracy of Method 

Determining the overall accuracy of a novel method like the one described in this 

thesis is generally quite difficult since there are no real data and results that it can 

be compared to due to the unique nature of the method. This leaves the researcher 

with the option of determining the accuracy of each subsequent step of the process, 

and also attempt to compare the consequent data from that section to that from 

literature if possible. The combination of these accuracies might be able to provide 

some insight into the overall accuracy of the method used.  

The method used to determine the kinematic model results documented in section 

4.1 is a process that has been used numerous times with great degree of success 
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[67], [68]. The main uncertainties are introduced during the process of capturing 

the data during the experimental process, however, this process has also been 

proven to be accurate [66]. The other factor to consider is the creation of the model 

in ADAMS, however, the models created was able to very accurately reproduce the 

relevant movement which leads to a resulting accuracy certainty of 0.95.  

The next step in the method to be investigated was the process of segmenting the 

MRI cartilage. The method greatly relied on accurate cartilage segmentation since 

a minor inaccuracy in the cartilage will greatly affect the final estimated cartilage 

and thus the resulting compression. This is exceptionally prevalent with segmenting 

the femoral cartilage since the estimation of the patellar cartilage is directly related 

to the thickness and shape of the femoral cartilage. The main reason variability is 

introduced into the segmentation of the MRI, is due to lack of segmentation 

experience. The segmentation process in itself is a difficult process which requires 

extensive experience to guarantee accurate results. Due to the experience level of 

the individual that segmented the MRI data, a degree of inaccuracy was introduced 

during this step even though great effort was made to improve and provide 

reasonably accurate segmented cartilage. This resulted in an accuracy certainty of 

0.8. 

Furthermore, the actual process of estimating the cartilage had various steps 

involved which could introduce inaccuracies into the final results, however great 

care was taken to minimise the likelihood of inaccuracies being introduced. The 

final step in the process also provides a step to validate that the process that was 

performed produced the required results. This step included a final evaluation of 

the estimated patellar cartilage against the femoral cartilage at the varying degrees 

of flexion where it was ensured that there was no intersection between the patellar 

cartilage and femoral cartilage and that the cartilage conformed to the shape of the 

femur through its varying degrees of flexion. It was estimated that this step of the 

process could results in an accuracy certainty of 0.7.  

It was determined that the designed method was able to perform as initially intended 

by creating and estimating the compressed patellar cartilage from the kinematics of 

the knee by creating cartilage that conformed to the shape of the opposing femoral 

contact area at the varying degrees of flexion. It was, however, noted that the use 

of the segmented MRI cartilage for the femur was very important to guarantee 

accuracy of the process since the estimated patellar cartilage is predominantly 

dependant on the thickness and shape of the femoral cartilage. Overall, an accuracy 

certainty of 53.2% was calculated for the process. This result is a rough estimate, 

but still provides adequate assurance that the method could be a means of 

determining cartilage compression.  
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Chapter 6 

6 Conclusion 

6.1 Overview 

This project aimed at creating a method for using kinematics to estimate the 

geometry of the patellar articular cartilage with as little as possible use of MRI data. 

Furthermore, the estimated cartilage was used to determine the compression that 

the cartilage experiences during passive and squat movements and the stresses on 

the cartilage as a result of the relating compression. The project specifically 

endeavoured to use kinematics to recreate the cartilage in an attempt to find a 

different means to cartilage recreation and compression prediction than standard 

MRI segmentation of compressed cartilage or in-vivo measurements of 

disarticulated cadaver specimens. By using kinematics, only the kinematic 

measurements and a single MRI scan is necessary which provides a different means 

of determining patient specific compression of the cartilage in the patellofemoral 

joint. The use of kinematics also allows the determination of the cartilage in 

compression in live patients without a magnitude of MRI scans as would normally 

be necessary.  

Determining the compression of the cartilage due to movement produces valuable 

insight into the way that cartilage reacts during movement. This information can be 

used towards improving the materials used in patellar implants in an effort to find 

materials which would perform more like actual cartilage. Replacing the stiff 

unyielding materials currently being used by a more yielding and biocompatible 

material which can compress with movement, or allow for some compression, could 

aid in decreasing anterior knee pain. The stresses determined from the resulting 

compression could further provide deeper insight into patellofemoral pain and 

allow for patient specific inspection of the patella in order to determine the cause 

of the discomfort or pain.   

6.2 Objectives 

The objectives identified to successfully complete the project were as follows:  

Objective 1: Estimate the Geometry of the Patellofemoral Cartilage. 

The estimation process requires accurate segmentation of the femoral cartilage 

since the patellar cartilage being estimated is directly dependant on the shape and 

thickness of the femoral cartilage. The MRI segmentation process, however, is a 

difficult manual process greatly dependant on the amount of experience and the 

skill level of the individual segmenting the MRI data. Section 4.2.1, nonetheless, is 

able to provide results indicating that the segmented cartilage for both models was 

done with acceptable accuracy for use in the project. The resulting average 
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thicknesses of the segmented cartilage for the femur and the patella were compared 

to literature and found to all, except the patellar cartilage for knee 2, be within the 

determine thickness range as indicated by literature. The patellar cartilage for knee 

2 was found to be just under the minimum determined thickness range for patellar 

cartilage, however, since the other three structures were segmented with acceptable 

accuracy, it was assumed that this difference recorded for the patella of knee 2 was 

simply due to an anatomical abnormality specific to the cadaver knee that was 

originally measured. Visually, this thickness difference between the patellar 

cartilage of knee 1 and knee 2 was very noticeable, however, this was possibly due 

to the patellar cartilage for knee 2 being arthritic. From these results, it was 

concluded that the patellar and femoral cartilage was segmented accurately enough 

to be used in the patellar estimation process. 

Initially the segmented femoral cartilage and the femoral cartilage estimated using 

a crude manual technique in 3-Matic was both applied to each model and their two 

movements. This was to be able to determine whether it would be necessary to use 

MRI data for the project. Since it was already established that the MRI segmented 

cartilage was segmented with reasonable accuracy, the results using the 3-Matic 

estimated femoral cartilage was compared to that of the MRI segmented femoral 

cartilage results. It was found for both knees for each of the movements, that there 

was a difference between the segmented and estimated femoral cartilage models. 

Sections 4.2.2 and 4.2.3 showed that for the passive movements, for example, a 

recorded difference of 14.74% for knee 1 and 39.71% for knee 2 could be seen. 

Knee 1 showed a small difference between the two models concluding that the 

specific estimated femoral cartilage could have been used to estimate the patellar 

cartilage, however, the substantial difference recorded for knee 2 shows that this 

technique did not produce consistent and accurate results and could not without 

further technique refinement be used to produce the femoral cartilage. The squat 

movement for knee 1 recorded a 43.67% difference between the segmented and 

estimated femoral cartilage results, while knee 2 reported a difference of 51.98%. 

These results further proves that the estimation of the femoral cartilage using 3-

Matic is not accurate and reproducible, and should not be used in the estimation 

process which shows that to ensure an accurately reproduced estimated patellar 

cartilage, a MRI scan of the femoral cartilage is necessary.  

Since the models using the estimated femoral cartilage was concluded as being 

inaccurate and inconsistent, it was determined that the project should continue with 

the resulting patellar cartilage models where the MRI segmented femoral cartilage 

was used. The first initial results of the estimated patellar cartilages recorded from 

the estimation model needed to be further filtered as established by the inspection 

of the data distribution and visual comparison of the geometry for the cartilage. The 

main reason for this was to smooth out any surface abnormalities which were 

propagated onto the newly estimated patellar cartilage surface due to the presence 

of surface protrusions and ridges on the femoral cartilage surface due to 

segmentation process. The other reason for filtering and smoothing the cartilage 

was due to the way that the estimation program creates the patellar cartilage. The 

written program creates the patellar cartilage by shaping an extra added piece of 
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material on the patellar surface to take on the shape of the opposing femoral surface. 

This, however, results in the created patellar surface to start to wrap around the 

femoral condyles which causes the patellar cartilage to have thicker cartilage on the 

Medial-Lateral edges and from literature, it is known that patellar cartilage does not 

take on that shape. Therefore, the extreme excess created on the outer edges of the 

patella was filtered away. The passive movement, for example, showed that a very 

small amount of material was filtered away. Knee 1 only filtered away 14.95% of 

the cartilage and knee 2 filtered away 12.99%. The squat movement for knee 2 

showed similar results with a reduction of 10.51%. Knee 1 showed a substantial 

reduction of 43.52%, but it was noted upon closer inspection that most of the 

material removed was from the outer edges. The amount of cartilage removed from 

the initial results, as shown in sections 4.2.2 and 4.2.3, demonstrated that the 

filtering process only removed cartilage which would ultimately aid in improving 

the geometry if the cartilage.   

Visual inspection of the resulting patellar cartilage (Figure 41 and Figure 47) 

showed promising results, since the shape and location of the cartilage closely 

adhered to that defined by literature. The contact areas between the patella and 

femur at the various degrees of flexion were also estimated from the results and 

compared to literature. It was found that the contact areas differed slightly from 

literature, but followed the same pattern as seen in literature. This lead to the 

conclusion that the estimated program was able to relay the passive and squat 

movements onto the geometry of the cartilage and shape the cartilage accordingly. 

Also, for both models, the squat resulted in a thinner resulting patellar cartilage in 

relation to the passive movement, from which can be concluded that the squat 

applied larger forces onto the patellar cartilage than the passive movement. 

Finally, from the results recorded in section 4.2, it was concluded that the patellar 

estimation program created is a viable option to produce estimations of the 

geometry of the patellar cartilage using the kinematics of each subsequent 

movement. It was, however, also noted that the program has two big limitations 

which could introduce inaccuracies into the end results. This included the fact that 

the final patellar cartilage results are directly dependant on an precise femoral 

cartilage reproduction at the very beginning of the process which means that at least 

one MRI scan of the knee needs to be performed to be able to properly use the 

written program. The second limitation is the amount of manual filtering that needs 

to be done in order to correct the fact that the program wraps the material around 

the femoral condyles. Nevertheless, the program is still able to reproduce the 

geometry of the patellar cartilage based on the kinematics of a specific movement. 

Objective 2: Determine the Deformation and Compression of the Estimated 

Patellofemoral Cartilage. 

Initial results for the recreated patellar cartilage were estimated under the 

assumption that the femoral cartilage does not compress in order to simplify the 

estimation program. This means that the initial patellar cartilage compression 

results investigated (sections 4.3.1 and 4.3.2), showed the total compression of both 

the femoral and patellar cartilage applied to the patellar cartilage. Consequently, the 
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initial results showed extremely large compression percentages for the models, 

clearly showing a difference between the passive and squat motions (see Figure 56 

and Figure 60). The large compression results, however, leads to the conclusion that 

the assumption of the femoral cartilage not compressing was a poor assumption 

greatly influencing the outcome of the compression results. Nevertheless the total 

deformation and compression could still be determined using the inverse kinematic 

analysis program.  

Furthermore, the application of the cartilage ratios solved the problem presented by 

the uncompressible femoral cartilage assumption. For example, the passive 

movement for knee 1 initially reported a 51.13% compression of the uncompressed 

cartilage during the passive movement, and a massive 85.58% compression of the 

uncompressed cartilage during the squat movement. After applying the cartilage 

thickness ratio, these values decreased from 51.13% to 30.93% and from 85.58% 

to 51.84%. This is still quite high for the type of compression being experienced, 

however, it is important to note that even a significantly small variation in the 

thickness of the uncompressed patellar cartilage has a major effect on the recorded 

compression results.  

Knee 2 showed much smaller initial compression values of 34.24% for the passive 

movement and 46.40% for the squat movement which reduced to 20.20% and 

33.74% respectively after the application of the cartilage thickness ratio. The big 

difference in the compression results for knee 1 and knee 2 could be attributed to 

the below average thin cartilage thickness of knee 2. This meant that less 

compression would take place since the deeper the compression moves into the 

layers of the cartilage, the more resistance is presented against the force, and the 

less compression takes place. 

The reduction in compression noticed by applying the cartilage ratio was able to 

reduce the amount of compression experienced by the patellofemoral joint, leading 

to the conclusion that the cartilage ratio improved the deformation and compression 

results and resulted in a more accurate representation of the actual deformation that 

the patellofemoral cartilage experiences.    

Finally, it can be concluded from the compressional results that the method was 

able to determine the compression and deformation of the cartilage during the 

passive and squat movements, as seen by the differences shown by the charts in 

sections 4.2 and 4.3 between the uncompressed, passive, and squat models. 

Furthermore, it can be concluded that with additional refinement the designed 

method could potentially become a new non-invasive technique to investigate the 

compression of patellofemoral cartilage. In addition, a definitive difference in the 

compression and deformation of the patellar cartilage was noted between the 

passive and squat movements which leads to the conclusion that the two movements 

affect the cartilage differently and by investigating and taking this difference into 

account during patellar replacements, proper replacement materials can be 

investigated.  
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Objective 3: Determine the Stresses Present due to the Compression of the 

Patellofemoral Cartilage. 

From the results in section 4.4, it was found that the mean values for the stresses 

for both models were within the range of stresses as identified by literature from 

which it can be concluded that the assumptions and conditions applied during the 

FEM analysis was sufficient. The bigger the Poisson’s ratio and Young’s Moduli, 

the bigger the resulting stresses experienced by the cartilage and the more widely 

spread the stress distribution was. It was also noted from the box and whisker plots 

that the lower v and E values more consistently produced results that fall well within 

the stress range determined by literature. Also, the lower values for v and E, 

especially the combination of v = 0.4 and E = 8 MPa, produce stress results that are 

more constant and tightly grouped than bigger values, resulting in less 

unexplainable stress spikes. This leads to the conclusion that smaller v and E values 

were more appropriate for the stress analysis.  

Furthermore, the results indicated that higher stresses were present on the osseous 

surfaces of the patella than on the cartilage surface indicating that large 

compressions experienced by the patella could potentially results in pain 

experienced on the osseous surfaces of the patella. The larger stresses reported by 

the squat motion as opposed to the passive motion indicates that if the thickness of 

the patellar replacement is reduced to take into account the squat motion, the patient 

is more likely to experience pain after the replacement. A good middle ground 

would thus be to reduce the thickness of the patellar replacement to that of the 

passive motion providing patellar replacement which takes some deformation into 

account, but not enough to significantly increase the chances of the patient 

experiencing patellar pain.  

6.3 Limitations 

Certain limitations of using the patellar cartilage estimation model have been 

identified. The principal limitation of the designed process is the fact that MRI scans 

are still necessary for an accurate estimation of the patellar cartilage. At least one 

complete MRI scan of the knee during a relaxed state is necessary for accurate 

results. Furthermore, the accuracy of the compression results is greatly dependant 

on the accuracy of the segmentation of the femoral and patellar cartilage from the 

MRI scan and thus the experience level of the individual segmenting the MRI scans.  

Lastly, the process involves multiple steps and processes with a substantial amount 

of manual work necessary to produce the end results. This decreases the 

reproducibility and accuracy of the estimated cartilage since it allows for human 

error to be introduced during the process. It is also very difficult to validate the 

results for the project since there is no known literature to compare the results to.   

6.4 Future Work 

The following areas have been identified where the patellar cartilage estimation 

model can be improved: 
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 Automate the entire process to reduce the variabilities that are introduced 

by the manual processes. 

 Develop an automatic and quicker measuring process. 

 Focus on, and develop a way of estimating the femoral cartilage accurately 

enough to be able to eliminate the need to use any MRI scans. 

 Introduce more models and movements into the process to be able to obtain 

statistically relevant results to determine the accuracy and effectiveness of 

the designed process in more detail. 

6.5 Contribution to Field 

This project was able to provide an initial novel design model with which 

compressed patellar cartilage can be estimated by using kinematics and minimal 

MRI scans. The designed model proved that the use of kinematics to determine the 

geometry and compression of cartilage during the movement of the knee can be 

seen as a viable option to create and investigate compression of patellar cartilage 

without disarticulating the knee. It also provides information regarding the cartilage 

under compression which could be further utilised in improving the materials 

currently being utilised for patellar implants by making them more compliant. This 

could result in the implant performing more like actual cartilage during movement 

thus reducing the chance of pain related complications occurring.   

Certain stages of the project can be improved, but it created the base for future work 

to expand on the idea of using kinematics for cartilage recreation and determining 

motion specific cartilage compression. Certain assumptions were made during the 

project in order to reduce the complexity of the process, however, even with these 

assumptions made, the model was still able to produce promising results which 

could be of great benefit in prosthesis design and injury management.    
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Appendix A Segmented Cartilage Thickness 

Charts 

A.1 Knee 1 – Model S120331 

Femur: 

  

Figure 66: Chart comparing the average, minimum and maximum cartilage thickness per section 

as found in literature, to the average cartilage thickness of knee 1 segmented from the MRI data 

for the femur. 
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A.2 Knee 2 - Model S120324 

Femur: 

 

  

Figure 67: Chart comparing the average, minimum and maximum cartilage thickness per section 

as found in literature, to the average cartilage thickness of knee 2 segmented from the MRI data 

for the femur 
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Appendix B Average Cartilage Thickness 

Results per Section (mm) 

B.1 Raw and Unfiltered Data – Knee 1 

Table 11: Average Patellar Cartilage Thickness (mm) Results per Section - 

Raw Unfiltered Data (Knee 1) 

 Model 1.1 Model 1.2 

Section Passive Squat Passive Squat 

1 1.656 0.539 2.279 1.642 

2 1.923 0.731 2.355 1.776 

3 2.320 1.020 2.546 2.098 

4 2.844 1.554 2.935 2.410 

5 3.371 2.050 3.423 2.983 

6 3.053 1.837 3.410 2.855 

7 2.247 1.314 2.491 2.187 

8 0.939 0.763 1.583 1.434 

9 0.384 0.674 0.952 1.231 

Average 2.082 1.165 2.442 2.068 

 

Table 12: Sectional average error and standard deviation for the estimated 

patellar cartilage thickness of knee 1, model 1.1 of the passive and squat 

motions (Unfiltered). 

 Passive Squat 

Section Average 

Error (mm) 

Standard 

Deviation (mm) 

Average 

Error (mm) 

Standard 

Deviation (mm) 

1 0.25 0.93 0.32 1.19 

2 0.23 0.95 0.29 1.2 

3 0.15 0.66 0.2 0.87 

4 0.19 0.89 0.25 1.15 

5 0.19 0.83 0.22 1 

6 0.32 1.44 0.32 1.43 

7 0.18 0.79 0.27 1.16 

8 0.09 0.36 0.21 0.87 

9 0.13 0.51 0.21 0.82 

Average 0.19 0.82 0.25 1.08 
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Table 13: Sectional average error and standard deviation for the estimated 

patellar cartilage thickness of knee 1, model 1.2 of the passive and squat 

motions (Unfiltered). 

 Passive Squat 

Section Average 

Error (mm) 

Standard 

Deviation (mm) 

Average 

Error (mm) 

Standard 

Deviation (mm) 

1 0.21 0.78 0.24 0.88 

2 0.21 0.87 0.22 0.91 

3 0.14 0.63 0.17 0.75 

4 0.18 0.82 0.18 0.84 

5 0.2 0.89 0.25 1.11 

6 0.34 1.52 0.42 1.87 

7 0.3 1.3 0.33 1.43 

8 0.23 0.94 0.24 0.98 

9 0.22 0.87 0.29 1.12 

Average 0.23 0.96 0.26 1.10 
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B.2 Raw and Unfiltered Data – Knee 2 

Table 14: Average Patellar Cartilage Thickness (mm) Results per Section - 

Raw Unfiltered Data (Knee 2) 

 Model 2.1 Model 2.2 

Section Passive Squat Passive Squat 

1 1.066 0.857 2.059 2.162 

2 1.403 1.046 2.658 2.463 

3 1.763 1.375 3.121 2.840 

4 2.446 1.768 3.471 3.352 

5 2.449 1.858 3.766 3.553 

6 2.186 1.695 3.615 3.445 

7 1.783 1.370 2.923 2.929 

8 1.489 1.292 2.777 2.800 

9 1.136 1.324 1.694 2.655 

Average 1.747 1.398 2.898 2.911  

 

Table 15: Sectional average error and standard deviation for the estimated 

patellar cartilage thickness of knee 2, model 2.1 of the passive and squat 

motions (Unfiltered). 

 Passive Squat 

Section Average 

Error (mm) 

Standard 

Deviation (mm) 

Average 

Error (mm) 

Standard 

Deviation (mm) 

1 0.19 0.81 0.16 0.7 

2 0.18 0.77 0.22 0.97 

3 0.18 0.83 0.16 0.73 

4 0.23 1.11 0.13 0.63 

5 0.23 1.11 0.14 0.68 

6 0.23 1.11 0.16 0.78 

7 0.24 1.15 0.16 0.76 

8 0.19 0.85 0.18 0.81 

9 0.19 0.89 0.27 1.23 

Average 0.21 0.96 0.18 0.81 
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Table 16: Sectional average error and standard deviation for the estimated 

patellar cartilage thickness of knee 2, model 2.2 of the passive and squat 

motions (Unfiltered). 

 Passive Squat 

Section Average 

Error (mm) 

Standard 

Deviation (mm) 

Average 

Error (mm) 

Standard 

Deviation (mm) 

1 0.25 1.08 0.22 0.95 

2 0.22 0.94 0.22 0.94 

3 0.2 0.94 0.19 0.87 

4 0.15 0.73 0.17 0.84 

5 0.18 0.85 0.13 0.62 

6 0.2 0.94 0.13 0.65 

7 0.2 0.97 0.17 0.79 

8 0.18 0.85 0.11 0.49 

9 0.16 0.75 0.23 1.05 

Average 0.19 0.89 0.17 0.8 
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B.3 Filtered and Smoothed Data – Knee 1 and Knee 2 

Table 17: Average Patellar Cartilage Thickness (mm) Results per Section - 

Smoothed and Filtered Data (Knee 1 and 2) 

 Knee 1 Knee 2 

Section Passive Squat Uncompressed Passive Squat Uncompressed 

1 2.059 0.544 2.592 1.061 0.905 1.345 

2 2.018 0.643 3.201 1.275 0.936 1.678 

3 1.916 0.653 3.481 1.627 1.262 2.064 

4 2.052 0.9 3.955 2.030 1.698 2.755 

5 2.670 1.473 4.696 2.074 1.713 2.967 

6 2.455 1.278 4.681 1.820 1.562 2.892 

7 1.702 0.432 4.353 1.478 1.212 2.448 

8 0.832 0 3.576 1.360 1.045 2.258 

9 0.234 0 2.380 0.959 0.924 1.724 

Average 1.771 0.658 3.657 1.520 1.251 2.237 

 

Table 18: Sectional average error and standard deviation for the estimated 

patellar cartilage thickness of knee 1, model 1.1 of the passive and squat 

motions (Filtered). 

 Passive Squat 

Section Average 

Error (mm) 

Standard 

Deviation (mm) 

Average 

Error (mm) 

Standard 

Deviation (mm) 

1 0.15 0.56 0.21 0.78 

2 0.17 0.72 0.23 0.94 

3 0.17 0.75 0.26 1.12 

4 0.2 0.89 0.27 1.24 

5 0.16 0.71 0.26 1.18 

6 0.19 0.85 0.23 1.03 

7 0.16 0.69 0.19 0.84 

8 0.12 0.5 0.2 0.84 

9 0.08 0.3 0.19 0.75 

Average 0.16 0.66 0.23 0.97 
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Table 19: Sectional average error and standard deviation for the estimated 

patellar cartilage thickness of knee 2, model 2.1 of the passive and squat 

motions (Filtered). 

 Passive Squat 

Section Average 

Error (mm) 

Standard 

Deviation (mm) 

Average 

Error (mm) 

Standard 

Deviation (mm) 

1 0.12 0.46 0.12 0.41 

2 0.14 0.51 0.14 0.56 

3 0.13 0.5 0.12 0.48 

4 0.12 0.54 0.11 0.45 

5 0.14 0.62 0.13 0.55 

6 0.14 0.64 0.15 0.68 

7 0.15 0.71 0.22 0.89 

8 0.16 0.7 0.22 0.83 

9 0.15 0.66 0.25 1.07 

Average 0.14 0.59 0.16 0.66 
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Appendix C Contact Areas 

C.1 Knee 1 - Passive 

 

 

  

30 degrees flexion 60 degrees flexion 

90 degrees flexion Maximum degrees flexion 

Figure 68: Estimated patellofemoral contact areas for the passive movement of knee 1 for actual 

degrees of flexion 30, 60, 90, and maximum. 
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C.2 Knee 1 – Squat 

  

30 degrees flexion 60 degrees flexion 

90 degrees flexion Maximum degrees flexion 

Figure 69: Estimated patellofemoral contact areas for the squat movement of knee 1 for actual 

degrees of flexion 30, 60, 90, and maximum. 

Stellenbosch University  https://scholar.sun.ac.za



100 

C.3 Knee 2 – Passive 

  

30 degrees flexion 60 degrees flexion 

90 degrees flexion Maximum degrees flexion 

Figure 70: Estimated patellofemoral contact areas for the passive movement of knee 2 for actual 

degrees of flexion 30, 60, 90, and maximum. 
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C.4 Knee 2 – Squat 

 

30 degrees flexion 60 degrees flexion 

90 degrees flexion Maximum degrees flexion 

Figure 71: Estimated patellofemoral contact areas for the squat movement of knee 2 for actual degrees 

of flexion 30, 60, 90, and maximum. 
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Appendix D Sectional Compression Results 

D.1 Sectional Compression Results – Knee 1 and 2 

Table 20: Sectional patellar cartilage compression (mm) results for knee 1 and 

knee 2 for their passive and squat movements. 

 Knee 1 Knee 2 

Section Passive Squat Passive Squat 

1 0.533 2.048 0.322 0.594 

2 1.183 2.557 0.413 0.666 

3 1.565 2.828 0.593 0.958 

4 1.903 3.055 0.811 1.263 

5 2.027 3.223 1.012 1.391 

6 2.226 3.403 1.074 1.325 

7 2.652 3.922 1.045 1.207 

8 2.744 3.871 0.843 1.140 

9 2.146 3.264 0.780 0.796 

Average 

Compression 

(mm) 

1.87 3.13 0.766 1.038 

Average 

Compression 

(%) 

51.13 85.58 34.24 46.40 

 

  

Stellenbosch University  https://scholar.sun.ac.za



103 

D.2 Average Value Compression Results per Section - Knee 1 

Table 21: Sectional average errors and standard deviations for the estimated 

patellar cartilage compression of knee 1, model 1.1 of the passive and squat 

motions (Filtered). 

 Passive Squat 

Section Average 

Error (mm) 

Standard 

Deviation (mm) 

Average 

Error (mm) 

Standard 

Deviation (mm) 

1 0.11 0.39 0.13 0.49 

2 0.15 0.62 0.23 0.96 

3 0.16 0.7 0.27 1.17 

4 0.18 0.75 0.27 1.25 

5 0.21 0.92 0.29 1.29 

6 0.21 0.96 0.31 1.37 

7 0.18 0.79 0.25 1.07 

8 0.2 0.81 0.27 1.13 

9 0.23 0.89 0.34 1.3 

Average 0.18 0.76 0.26 1.11 

 

D.3 Average Value Compression Results per Section - Knee 2 

Table 22: Sectional average errors and standard deviations for the estimated 

patellar cartilage compression of knee 2, model 2.1 of the passive and squat 

motions (Filtered). 

 Passive Squat 

Section Average 

Error (mm) 

Standard 

Deviation (mm) 

Average 

Error (mm) 

Standard 

Deviation (mm) 

1 0.04 0.17 0.07 0.24 

2 0.07 0.24 0.08 0.32 

3 0.07 0.29 0.1 0.42 

4 0.09 0.4 0.13 0.55 

5 0.1 0.42 0.12 0.51 

6 0.09 0.39 0.1 0.46 

7 0.08 0.35 0.08 0.35 

8 0.07 0.3 0.07 0.27 

9 0.07 0.32 0.12 0.5 

Average 0.08 0.32 0.10 0.40 
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Appendix E FEM Analysis Stress Results 

E.1 Knee 1 – Passive Movement 

 

Table 23: Stress results from FEM analysis for the passive movement of knee 

1 at E = 8 MPa showing the stress on the cartilage and osseous surfaces. 

Passive Stress (MPa) 

 E = 8 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 - - - - - - - 

30 1.39 1.959 1.469 2.135 1.6 2.2 2.75 

60 0.78 1.565 1.77 2.205 2.405 2.575 2.825 

90 0.32 0.874 0.884 1.02 1.065 1.174 1.344 

Max - - - - - - - 

 

Table 24: Stress results from FEM analysis for the passive movement of knee 

1 at E = 10 MPa showing the stress on the cartilage and osseous surfaces. 

Passive Stress (MPa) 

 E = 10 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 - - - - - - - 

30 1.39 2.11 2.445 2.5 2.665 2.745 3.435 

60 0.78 1.955 1.965 2.465 2.62 3.09 3.18 

90 0.32 1.093 1.123 1.274 1.369 1.467 1.622 

Max - - - - - - - 
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Table 25: Stress results from FEM analysis for the passive movement of knee 

1 at E = 12 MPa showing the stress on the cartilage and osseous surfaces. 

Passive Stress (MPa) 

 E = 12 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 - - - - - - - 

30 1.39 2.735 2.935 3.2 4 3.3 4.125 

60 0.78 2.345 2.355 2.955 2.985 3.705 3.785 

90 0.32 1.313 1.328 1.528 1.688 1.761 1.951 

Max - - - - - - - 
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E.2 Knee 1 – Squat Movement 

 

Table 26: Stress results from FEM analysis for the squat movement of knee 1 

at E = 8 MPa showing the stress on the cartilage and osseous surfaces. 

Squat Stress (MPa) 

 E = 8 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 2.26 4.575 4.695 5.205 5.325 5.8 6.05 

30 1.9 2.555 2.69 2.875 3.12 3.195 3.55 

60 1.39 4.165 4.19 5.025 5.11 6 6.1 

90 - - - - - - - 

Max 1.24 2.165 2.42 2.455 2.595 2.745 2.945 

 

Table 27: Stress results from FEM analysis for the squat movement of knee 1 

at E = 10 MPa showing the stress on the cartilage and osseous surfaces. 

Squat Stress (MPa) 

 E = 10 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 2.26 5.715 5.835 6.505 6.62 7.265 7.565 

30 1.9 3.185 3.32 3.585 3.795 3.985 4.295 

60 1.39 5.215 5.31 6.28 6.395 7.475 7.675 

90 - - - - - - - 

Max 1.24 2.705 2.79 3.065 3.165 3.435 3.625 
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Table 28: Stress results from FEM analysis for the squat movement of knee 1 

at E = 12 MPa showing the stress on the cartilage and osseous surfaces. 

Squat Stress (MPa) 

 E = 12 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 2.26 6.865 7.015 7.805 7.955 8.725 8.975 

30 1.9 3.825 3.925 4.305 4.53 4.785 5.345 

60 1.39 6.255 6.265 7.535 7.685 9 9.125 

90 - - - - - - - 

Max 1.24 3.255 3.265 3.68 3.925 4.12 4.265 
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E.3 Knee 2 – Passive Movement 

 

Table 29: Stress results from FEM analysis for the passive movement of knee 

2 at E = 8 MPa showing the stress on the cartilage and osseous surfaces. 

Passive Stress (MPa) 

 E = 8 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 - - - - - - - 

30 0.520 2.25 3.15 3.045 3.35 3.585 3.81 

60 0.319 0.987 1.182 1.1395 1.37 1.561 1.826 

90 0.184 1.094 1.209 1.219 1.329 1.651 1.796 

Max 0.169 1.012 1.127 1.131 1.241 1.525 1.67 

 

Table 30: Stress results from FEM analysis for the passive movement of knee 

2 at E = 10 MPa showing the stress on the cartilage and osseous surfaces. 

Passive Stress (MPa) 

 E = 10 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 - - - - - - - 

30 0.520 2.815 3.215 3.15 3.255 4.485 4.68 

60 0.319 1.543 1.793 1.776 2.021 2.438 2.758 

90 0.184 1.363 1.508 1.525 1.695 2.065 2.41 

Max 0.169 1.263 1.408 1.412 1.582 1.908 2.253 
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Table 31: Stress results from FEM analysis for the passive movement of knee 

2 at E = 12 MPa showing the stress on the cartilage and osseous surfaces. 

Passive Stress (MPa) 

 E = 12 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 - - - - - - - 

30 0.520 3.375 3.725 4.57 4.675 6.745 6.92 

60 0.319 1.85 2.105 2.132 2.407 2.925 3.155 

90 0.184 1.958 2.093 2.196 2.356 2.478 2.693 

Max 0.169 1.513 1.663 2.029 2.169 2.292 2.512 
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E.4 Knee 2 – Squat Movement 

 

Table 32: Stress results from FEM analysis for the squat movement of knee 2 

at E = 8 MPa showing the stress on the cartilage and osseous surfaces. 

Squat Stress (MPa) 

 E = 8 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 0.645 2.785 2.99 3.025 3.285 4.455 4.695 

30 0.585 1.653 1.888 1.867 2.107 2.16 2.385 

60 0.458 2.195 2.36 2.455 2.675 2.775 3.005 

90 - - - - - - - 

Max 0.322 1.761 1.911 2.095 2.39 2.845 3.305 

 

Table 33: Stress results from FEM analysis for the squat movement of knee 2 

at E = 10 MPa showing the stress on the cartilage and osseous surfaces. 

Squat Stress (MPa) 

 E = 10 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 0.645 3.48 3.935 3.78 4.26 5.565 6.1 

30 0.585 2.065 2.315 2.335 2.595 2.7 2.955 

60 0.458 2.745 2.945 3.065 3.325 3.465 3.805 

90 - - - - - - - 

Max 0.322 2.2 2.48 2.615 2.795 3.56 3.925 
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Table 34: Stress results from FEM analysis for the squat movement of knee 2 

at E = 12 MPa showing the stress on the cartilage and osseous surfaces. 

Squat Stress (MPa) 

 E = 12 MPa 

Degree 

of 

flexion 

Average 

Adapted 

Compression 

(mm) 

v = 0.4 v = 0.45 v = 0.48 

  
Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

Cartilage 

surface 

Osseous 

Surface 

0 0.645 4.18 4.425 4.54 4.77 6.67 7.035 

30 0.585 2.48 2.9 2.8 3.305 3.24 3.97 

60 0.458 4.12 4.34 4.6 5.105 5.195 5.645 

90 - - - - - - - 

Max 0.322 2.645 2.82 3.14 3.46 4.275 4.645 
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