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Abstract 

A better understanding of normal knee function is critical to the treatment of knee 

disorders. Limited data are available on knee biomechanics during functional activities 

such as walking, particularly in relation to the articulation of the patella. Three aims were 

formulated to address this gap in knowledge: 1) analyse the kinematics of the 

patellofemoral joint during functional activities, 2) determine the region of cartilage 

contact in the patellofemoral and tibiofemoral joints and their relationship to cartilage 

thickness, and 3) calculate the distribution of medial-lateral contact loads in the 

patellofemoral and tibiofemoral joints during level walking. 

These aims were achieved by first accurately measuring three-dimensional kinematics of 

the patellofemoral joint as healthy young people performed six activities: level walking, 

downhill walking, stair descent, stair ascent, open-chain knee flexion, and standing. 

These data were examined for notable kinematic characteristics of the patella during 

ambulatory activities and to determine how the motion of the patella and the tibiofemoral 

flexion angle are linked (i.e., coupled) together. Cartilage models were created of each 

participant’s knee in order to determine the region of cartilage contact for each of the 

activities performed, and to identify correlations between cartilage contact and cartilage 

thickness. Finally, musculoskeletal models with full six degree of freedom patellofemoral 

and tibiofemoral joints were created, used to calculate the medial-lateral contact loads at 

the knee during level walking, and finally validated against the measured kinematic data. 

These procedures have revealed important findings. Patellar flexion and anterior 

translation were coupled and linearly related to the tibiofemoral flexion angle. Medial 

shift and superior translation were likewise coupled to tibiofemoral flexion, and both 

displayed notable characteristics for all ambulatory activities: the patella shifted laterally 

at low tibiofemoral flexion angles and underwent rapid superior translation just prior to 

heel strike. Based on the activities tested here, the patellofemoral joint can effectively be 

modelled as a one degree of freedom joint. The centroid of cartilage contact for both joints 

appears to be determined by the tibiofemoral flexion angle, and hence geometry, rather 

than activity. Patellofemoral contact was concentrated on the lateral side of both the 

patella and the femur. In each pair of contacting regions within the knee, one side of the 

pair exhibited a positive relationship between cartilage thickness and contact (i.e., the 
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medial and lateral tibial plateaus and the patella), while the other exhibited a weak or non-

existent relationship (i.e., the medial and lateral femoral condyles in the tibiofemoral joint 

and the femur in the patellofemoral joint). The patellofemoral joint displayed two peaks 

in the contact force during level walking, one in early stance and one in swing phase, both 

at approximately 0.55-times bodyweight. Most of the patellofemoral contact force was 

transmitted through the lateral facet of the patella. The posterior component of hamstring 

muscle force contributed to the load transmitted to the patellar facets. 

These findings may assist with the diagnosis and treatment of many common knee 

disorders and will provide a useful source of information for future investigations into the 

knee. 
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Chapter 1 Introduction 

1.1 Motivation for this Dissertation 

The knee is the largest joint in the human body (Palastanga et al., 2002). It is both 

complex, being made up of three bones (Standring, 2016), and weightbearing, 

experiencing multiple bodyweights of peak force during many common activities (Fregly 

et al., 2012). The primary function of the knee during ambulation is to shorten the lower 

limb, through flexion, and lengthen the lower limb, through extension (Palastanga et al., 

2002), the importance of which cannot be overstated as it allows for the efficient 

completion of countless daily tasks, such as, walking, running, jumping, and sitting down. 

Unfortunately, the knee is also a common site for injury (Thiem et al., 2013). 

Osteoarthritis, a leading cause of disability in the elderly in the United States (Lawrence 

et al., 1998), is a joint disease identified by a gradual loss of articular cartilage resulting 

in chronic pain and stiffness (Hung and Ahmed, 2017; Kapoor and Mahomed, 2015). 

Anterior cruciate ligament reconstructions, a knee surgery frequently required for athletes 

(Mall et al., 2014), are linked to an increased prevalence of knee pain and osteoarthritis 

in the years following the procedure (Lohmander et al., 2004; Von Porat et al., 2004). 

Patellofemoral pain, a broad diagnosis for pain in the anterior portion of the knee 

(Thomee et al., 1999), primarily affects young and active individuals (Baquie and 

Brukner, 1997; Rothermich et al., 2015), and makes common activities, such as ascending 

stairs, difficult to perform. While these knee disorders all have different and complex 

etiologies, improved treatment for each of them begins with a robust understanding of the 

mechanics and function of the healthy knee. 

However, direct measurement of the knee’s mechanics presents several difficulties. First, 

the patella (also called the kneecap, a small sesamoid bone in the anterior knee; see 

section 2.1.2.4), while vital to the knee’s healthy function, is often neglected in studies of 

the knee because it is small and difficult to image. Second, most imaging techniques (see 

section 2.3) that are capable of capturing the motion of the knee during daily activities 

are not able to accurately measure the motion of the joint, and most imaging techniques 

that are able to accurately capture knee kinematics require the knee to remain stationary, 

limiting the range of tasks that can be completed. Despite this, many past studies (see 
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sections 2.4 and 2.5) have attempted to study the motion of the knee joint during activities 

such as level walking (Lafortune, 1984; Stein et al., 1993), downhill walking (Farrokhi et 

al., 2015), stair climbing (Lin et al., 2019; Suzuki et al., 2012), knee flexion (Koh et al., 

1992; Komistek et al., 2000; Seisler and Sheehan, 2007), lunging (Nha et al., 2008; 

Sharma et al., 2017), and squatting (Li et al., 2007). Yet these studies have all been limited 

by factors like restrictive or invasive imaging methodologies or non-healthy participants, 

either of which compromises the ability of their findings to apply to healthy knees in 

general. 

To overcome the limitations inherent to direct measurements of the knee during 

functional daily activities, past studies have employed modelling methodologies. The use 

of a computational model allows for data to be collected and hypotheses to be tested that 

would otherwise be impossible to obtain in vivo in a healthy knee. For the most common 

daily ambulatory task, level walking, numerous studies in recent years (see section 2.6) 

have constructed contact models of the knee joint in order to study the motion of the 

bones in a healthy knee and the contact forces that are regularly transmitted between them 

(Brandon et al., 2018; Halonen et al., 2016; Hu et al., 2018; Lenhart et al., 2015; van 

Rossom et al., 2018). However, these studies are all ultimately limited by the same factors 

as the direct measurement studies. The knee joint is complex and there are many sources 

of error in model development, making model evaluation critical before a solution can be 

trusted. As it is not presently possible to directly measure the contact forces that occur in 

vivo within a healthy knee, the next best solution is kinematic evaluation as contact forces 

and joint kinematics are linked through Newton’s Second Law of Motion, but this is only 

possible with accurate kinematic measurements.  

A recent advancement in knee imaging technology has allowed for an improvement over 

previous studies in this area. Guan et al. (2016a) developed a mobile biplane X-ray 

imaging system that is capable of noninvasively measuring the motion of a full and 

healthy knee joint over a large capture volume. The accuracy of these measurements is 

reported to be less than 1.0 mm for translations and less than 1.5° for rotations (Gray et 

al., 2017; Guan et al., 2016a), allowing for direct measurement and model evaluation of 

knee mechanics during the full stride cycle of functional ambulatory activities at an 

accuracy that was not previously possible. 
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1.2 Contributions of this Dissertation 

The objective of this dissertation was to improve current understanding of the healthy 

knee joint and its function during everyday dynamic activities. This objective was 

accomplished by capturing accurate data on the motion of the knee joint complex in ten 

healthy individuals while they performed six activities: level walking, downhill walking, 

stair descent, stair ascent, open-chain knee flexion, and standing. These experimental data 

were then used in conjunction with a modelling framework to address the following three 

sets of questions (motivations for these individual questions will be provided in sections 

3.1, 4.1, and 5.1): 

1. What are the full three-dimensional kinematics of the patellofemoral joint during 

the performed activities? To what extent are each of the 6-degrees-of-freedom of 

the patellofemoral joint coupled to the flexion-extension angle of the tibiofemoral 

joint? 

 

2. Where are the locations of cartilage contact in the knee joint complex (i.e., 

tibiofemoral and patellofemoral joints) during the performed activities? Do 

thicker regions of cartilage experience more joint contact than thinner regions of 

cartilage in the knee? Is there a correlation between cartilage thickness and 

contact? 

 

3. What are the contact loads at the knee during level walking, and how are these 

loads transmitted through the medial and lateral facets of the patellofemoral and 

tibiofemoral joints? Do the hamstrings contribute to the load transmitted to the 

patellar facets? How does the vastus lateralis muscle respond to the external knee 

adduction moment during walking, and does this response contribute to 

patellofemoral loading? 
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1.3 Structure of this Dissertation 

This dissertation is structured as follows: 

• Chapter 2 presents the background knowledge necessary to understand the 

subsequent methods and results presented in this dissertation, including a review 

of the literature relevant to each of the three aims. 

• Chapter 3 presents an experimental study on the kinematics of the patellofemoral 

joint during six activities of daily living: level walking, downhill walking, stair 

ascent, stair descent, open-chain knee flexion, and static standing. 

• Chapter 4 presents an experimental study on the cartilage contact in the 

patellofemoral and tibiofemoral joints during the aforementioned activities, and 

its relationship to cartilage thickness. 

• Chapter 5 presents a modelling study on the distribution of medial-lateral contact 

loads in the patellofemoral and tibiofemoral joints during level walking. 

• Chapter 6 reviews the findings of this dissertation and gives potential areas of 

study for future research. 
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Chapter 2 Background 

2.1 Knee Anatomy 

The following section gives a brief overview of the human musculoskeletal system in 

relation to the knee joint. 

2.1.1 Knee Joint Complex 

The human knee (Figure 2.1) is a synovial joint located in the lower limb which joins the 

upper leg to the lower leg (Standring, 2016). Often viewed as a simple hinge joint, the 

primary motion of the knee is in flexion and extension (Palastanga et al., 2002). However, 

the knee is actually a compound joint that is made up of two individual joints: a) the 

tibiofemoral (TF) joint, consisting of the femur and the tibia, and b) the patellofemoral 

(PF) joint, consisting of the femur and the patella (Standring, 2016). The combination of 

these two individual joints gives the knee 12 possible degrees of freedom in its motion 

(three rotations and three translations in both the TF and PF joints). 

2.1.1.1 Tibiofemoral Joint 

The most important function of the TF joint during ambulation is to shorten and lengthen 

the lower limb through flexion and extension, respectively (Palastanga et al., 2002). This 

allows the leg to undergo the swing phase of activities such as walking and running. The 

TF joint is weightbearing and absorbs forces that are several times bodyweight through 

its two separate contacting surfaces on the medial and lateral sides (van Rossom et al., 

2018). Many muscles (2.1.5) and ligaments (2.1.4) cross the TF joint in order to stabilize 

it against the large forces it is subjected to while allowing for the range of motion 

necessary for movement (Standring, 2016). 
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Figure 2.1: Knee Joint Complex. Diagram of the knee joint complex showing the relative positions of the 
femur, tibia, and patella. Reprinted from Drake (2015) with permission from Elsevier (see page 97 for 
details). 

2.1.1.2 Patellofemoral Joint 

The PF joint serves two purposes in the function of the knee joint complex. First, when 

the TF joint is close to full extension the PF joint provides a mechanical advantage to the 

quadriceps femoris muscle in generating a knee extension moment (Im et al., 2015). This 

is critical to proper functioning of the knee as much of the healthy gait cycle takes place 
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with the knee under 20 degrees of extension (Gray et al., 2019), and the quadriceps 

femoris muscle’s ability to produce force decreases as the TF joint extends (Abernethy et 

al., 2013). Second, when the TF joint is flexed and the soft tissue of the distal femoral 

and proximal tibial surfaces would otherwise be exposed to damage from external forces 

(e.g., kneeling on the floor), the patella slides in front and serves to protect the TF joint 

(White and Folkens, 2005). 

2.1.2 Bones 

The human knee includes four total bones: femur, tibia, fibula, and patella. Relative to 

the soft tissue that surrounds it, bone is rigid and does not deform much when loaded with 

normal muscle forces. There are two types of macroscopic bone structure: a) compact 

bone, located in the outer edge of a bone cross-section, it is dense and provides a hard 

surface for articulation, and b) trabecular bone, located in the middle of a bone cross-

section, it is sparse and supports the compact bone (Standring, 2016). 

2.1.2.1 Femur 

The femur is located in the proximal half of the lower limb and is the largest bone in the 

human body (Standring, 2016). It can be divided into three sections: a) the proximal end, 

which contains the femoral head that acts as the ball in the hip’s ball and socket joint, b) 

the femoral shaft, which is cylindrical and connects the two ends of the femur, and c) the 

distal end (Figure 2.2), which articulates with the patella and tibia to form the PF and TF 

joints, respectively (Ellis, 2002). 

 
Figure 2.2: Distal Femur. Reprinted from Drake (2015) with permission from Elsevier (see page 97 for 
details). 
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The distal end of the femur contains two condyles, one each on the medial and lateral 

sides, of which the lateral is larger (Palastanga et al., 2002). The inferior and posterior 

surfaces of the condyles are roughly cylindrical and contact the tibia to form the TF joint. 

The anterior surfaces of the condyles protrude forward from the femoral shaft to form the 

trochlear groove (patellar surface in Figure 2.2) in the space between them, which the 

patella rides in as part of the PF joint (Standring, 2016). The gap between the posterior 

ends of the two condyles is the intercondylar fossa, which serves as an attachment point 

for the cruciate ligaments (2.1.4.2) (Palastanga et al., 2002). 

2.1.2.2 Tibia 

The tibia is located below the femur and, together with the fibula (2.1.2.3), makes up the 

shank portion of the lower leg (Palastanga et al., 2002). The tibia has three sections: a) 

the proximal end (Figure 2.3), which is roughly flat and serves opposite the femur in the 

TF joint, b) the tibial shaft, which is roughly triangular in cross-section and connects the 

two ends of the tibia, and c) the distal end, which is smaller in size than the proximal end 

and contains surfaces to articulate with the talus and fibula (Ellis, 2002). 

 
Figure 2.3: Proximal Tibia. Reprinted from Drake (2015) with permission from Elsevier (see page 97 for 
details). 

The proximal end of the tibia contains three areas of interest. First, the superior surface 

of the tibia contains medial and lateral facets that articulate with the medial and lateral 

condyles of the femur (Standring, 2016). The medial facet is larger and has a slightly 

concave shape, while the lateral facet is either flat or slightly convex (Hashemi et al., 

2008). Second, the intercondylar eminence protrudes superiorly and is located between 

the facets. Third, the tibial tuberosity projects out on the anterior edge of the proximal 
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tibia and serves as the insertion point for the patellar tendon (2.1.4.1) (Palastanga et al., 

2002). 

2.1.2.3 Fibula 

The fibula is located lateral to the tibia in the lower leg. Both the proximal (Figure 2.4) 

and distal ends of the fibula articulate with the tibia. The proximal end of the fibula serves 

as an insertion point for ligaments and muscles that cross the lateral side of the TF joint 

(Ellis, 2002). 

 
Figure 2.4: Proximal Fibula. Reprinted from Drake (2015) with permission from Elsevier (see page 97 for 
details). 

2.1.2.4 Patella 

The patella (Figure 2.5) is a sesamoid bone that is located anterior to the distal end of the 

femur and articulates in the trochlear groove to form the PF joint (Ellis, 2002). The 

posterior surface of the patella is divided into medial and lateral facets by a vertically 

running patellar ridge, which protrudes posteriorly from the facets (Palastanga et al., 

2002). The lateral facet is wider and has a larger surface area than the medial fact 

(Baldwin and House, 2005; Tecklenburg et al., 2006). The quadriceps tendon (2.1.4.1) 

inserts on the superior surface of the patella, while the patellar tendon (2.1.4.1) originates 

from the inferior apex of the patella (Standring, 2016). Thus, the patella is responsible for 

transferring force between the two tendons which allows the quadriceps femoris muscle 

(2.1.3.1) to extend the TF joint. 
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Figure 2.5: Patella. Reprinted from Drake (2015) with permission from Elsevier (see page 97 for details). 

2.1.3 Knee-spanning Muscles 

There are three different types of muscle in the human body: a) skeletal muscle, b) cardiac 

muscle, and c) smooth muscle. All three forms of muscle are made of small muscle fibres 

that contain elements that allow the fibre, and thus the whose muscle, to lengthen or 

shorten (Standring, 2016). Skeletal muscle is the most common and the only form of 

muscle that can be voluntarily controlled (Palastanga et al., 2002). For the remainder of 

this thesis ‘muscle’ will refer to ‘skeletal muscle’. Several notable muscles that cross the 

knee and contribute to PF and TF joint movement and contact forces are introduced in 

this section; however, note that this is not a complete detailing of all knee spanning 

muscles. 

2.1.3.1 Anterior Thigh Muscles 

The quadriceps femoris (Figure 2.6) is a large muscle located anterior to the femur that is 

responsible for extending the knee. It has four distinct parts: a) rectus femoris, b) vastus 

intermedius, c) vastus lateralis, and d) vastus medialis, of which the vastus lateralis is the 

largest (Standring, 2016). 

The rectus femoris originates from two locations on the pelvis, runs approximately down 

the middle of the thigh in the medial-lateral direction, and inserts into the patella via the 

patellar tendon (2.1.5.1) (Drake, 2015). This makes the rectus femoris biarticular, flexing 

the hip and extending the knee when activated. The rectus femoris is in line with and 

superficial to the vastus intermedius; however, the deep surface of the rectus femoris is 

smooth to allow it to freely slide over the vastus intermedius and function independently 

(Palastanga et al., 2002). 
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Figure 2.6: Anterior Superficial Muscles of the Thigh. Reprinted from Drake (2015) with permission from 
Elsevier (see page 97 for details). 
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Figure 2.7: Posterior Superficial Muscles of the Thigh. Reprinted from Drake (2015) with permission from 
Elsevier (see page 97 for details). 
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The vastus intermedius, vastus lateralis, and vastus medialis are collectively referred to 

as the vasti. The vasti are all uniarticular, originating in the upper half of the femoral shaft 

and inserting into the patella via the patellar tendon (Drake, 2015). They extend the knee 

when activated. The vastus intermedius runs down the center of the thigh and is mostly 

covered by the rectus femoris (Standring, 2016). The vastus lateralis and vastus medialis 

run on the lateral and medial sides of the thigh, respectively. 

2.1.3.2 Posterior Thigh Muscles 

There are three major posterior thigh muscles: a) biceps femoris, b) semitendinosus, and 

c) semimembranosus (Figure 2.7). These three muscles are collectively referred to as the 

hamstrings. The hamstrings are a biarticular muscle group, both extending the hip and 

flexing the knee when activated (Standring, 2016). They oppose the action of the 

quadriceps. 

The biceps femoris originates from two locations that are a considerable distance apart. 

The long head of the biceps femoris, as well as the semitendinosus and 

semimembranosus, originates from the posterior surface of the pelvis (Drake, 2015). The 

short head of the biceps femoris originates from the distal posterior surface of the femoral 

shaft (Palastanga et al., 2002). This makes the short head of the biceps femoris a 

uniarticular component of the hamstrings. Both components of the biceps femoris insert 

into the proximal head of the fibula on the lateral side of the knee (Palastanga et al., 2002). 

The semitendinosus, which is notable for the long length of its distal tendon, runs down 

the medial side of the thigh, wraps around the medial condyle of the tibia, and inserts into 

the proximal medial tibia (Standring, 2016). The semimembranosus runs beneath the 

semitendinosus down the medial side of the posterior thigh, it inserts in the posterior 

surface of the medial tibial condyle (Palastanga et al., 2002). 

2.1.3.3 Posterior Shank Muscles 

The gastrocnemius is a strong biarticular muscle located superficially in the calf 

(Standring, 2016). The primary purpose of the gastrocnemius is ankle plantar flexion; 

however, when activated, it also flexes the knee (Palastanga et al., 2002). The muscle 

originates from two locations, directly superior to the medial and lateral condyles on the 

posterior surface of the femur, and inserts into the posterior surface of the calcaneus 
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(Drake, 2015). The medial component of the gastrocnemius is larger than the lateral 

component (Standring, 2016). 

2.1.4 Articular Cartilage 

Hyaline cartilage covers the articular surfaces of the femur, tibia, and patella in the knee 

joint (Palastanga et al., 2002). For the remainder of this thesis ‘cartilage’ will refer to 

‘hyaline cartilage’. Its thickness varies from 2 to 5 mm between typical subjects (Coleman 

et al., 2013; Koo et al., 2005; Li et al., 2005). Articular cartilage reduces friction between 

the contacting bones and increases the contacting area in the joint which reduces stress 

(Standring, 2016). While it is an elastic material, cartilage is too thin to act as a shock 

absorber for the knee (Martin et al., 2015; Standring, 2016). Cartilage is avascular, and 

nutrients are supplied to it through the synovial fluid contained in the joint capsule 

surrounding it (Standring, 2016). 

2.1.5 Menisci 

The menisci of the TF joint (Figure 2.8) are semicircular rings of tough cartilage located 

superior to the articular cartilage of the medial and lateral tibial facets. The primary 

purpose of the menisci is to increase the contact area between the round femoral condyles 

and the flatter tibial facets (Palastanga et al., 2002). The menisci are triangular in cross-

section, with the apex of the triangle lying closer to the center of the tibial facet. Both 

menisci are attached to the tibia and femur through several ligaments, this allows for a 

small amount of movement relative to the tibia (Standring, 2016). 
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Figure 2.8: Transverse View of Meniscus. Reprinted from Drake (2015) with permission from Elsevier (see 
page 97 for details). 

2.1.6 Tendons and Ligaments 

Tendons and ligaments are responsible for transferring force from muscle to bone and 

passively restricting the motion of bones, respectively (Standring, 2016). They are a form 

of fibrous tissue called white fibrous tissue that is dense with collagen bundles to give 

tensile strength (Palastanga et al., 2002). Several notable tendons and ligaments of the 

knee joint are detailed in this section. 

2.1.6.1 Quadriceps and Patellofemoral Tendons 

The quadriceps tendon and the patellar tendon, also known as the patellar ligament, 

(Figure 2.9) are located anterior to the knee and transmit force from the quadriceps to the 

tibia through the patella. The quadriceps tendon begins individually in each component 

of the quadriceps femoris muscle, before coming together to form a single thick tendon 

that attaches to the superior surface of the patella (Standring, 2016). The order and 

orientation of the components of the quadriceps femoris muscle within the quadriceps 

tendon varies considerably between individuals (Waligora et al., 2009). The patellar 

tendon originates from the inferior apex of the patella and inserts on the tibial tuberosity 

of the tibia. It functions as an extension of the quadriceps tendon by delivering the force 

generated in the quadriceps to the tibia (Palastanga et al., 2002). The relative angle 

between the lines-of-action of the quadriceps tendon and patellar tendon in the coronal 

plane is known as the Q-angle (Smith et al., 2008). 
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Figure 2.9: Sagittal View of Knee Ligaments. Reprinted from Drake (2015) with permission from Elsevier 
(see page 97 for details). 

2.1.6.2 Collateral Ligaments 

The medial and lateral collateral ligaments (Figure 2.9), also known as the tibial and 

fibular collateral ligaments, respectively, run medial and lateral to the articular surfaces 

of the TF joint and serve to stabilize it. The medial collateral ligament (MCL) originates 

on the medial epicondyle of the femur and inserts on both the medial condyle of the tibia 

and the superior portion of the tibial shaft (Standring, 2016). The MCL resists abduction 

moments in the TF joint that would cause valgus in the knee. The lateral collateral 

ligament (LCL) originates on the lateral epicondyle of the femur and inserts on the 

proximal head of the fibula (Standring, 2016). The LCL resists adduction moments in the 

TF joint that would cause varus in the knee. 

2.1.6.3 Cruciate Ligaments 

The anterior and posterior cruciate ligaments (Figure 2.10) are located between the 

articular surfaces of the TF joint. Both ligaments run approximately along the sagittal 

plane in opposite directions, crossing in the middle (Standring, 2016). The anterior 

cruciate ligament (ACL) originates on the medial surface of the lateral femoral condyle 

and inserts anterior to the intercondylar eminence on the tibia (Palastanga et al., 2002). 

The ACL stabilizes the TF joint against anterior sliding of the tibia relative to the femur. 

The posterior cruciate ligament (PCL) originates on the lateral surface of the medial 
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femoral condyle and inserts posterior to the intercondylar eminence on the tibia 

(Palastanga et al., 2002). The PCL resists posterior sliding of the tibia relative to the femur 

in the TF joint. Both ligaments are made of at least two distinct bundles (Standring, 2016). 

 
Figure 2.10: Coronal View of Cruciate Ligaments. Reprinted from Drake (2015) with permission from 
Elsevier (see page 97 for details). 

2.2 Common Disorders of the Knee Joint 

The following section details a few examples of knee ailments and the commonalities in 

their etiologies. While this dissertation is focused on healthy knees, the information 

presented in this section is important for understanding the motivation for the studies that 

will subsequently be presented. 

As a complex and weightbearing joint, the knee is a common site for injury. A survey by 

Thiem et al. (2013) of 7,828 individuals over 40 years of age in Herne, Germany found 

that 30.9% of respondents experienced knee pain. This pain can come through many 

different methods that affect populations of different ages and activity levels; a few 

examples of possible injury methods are covered below. 
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2.2.1 Osteoarthritis 

Osteoarthritis is a joint disease typified by a gradual loss of articular cartilage (Kapoor 

and Mahomed, 2015). Its prevalence increases with age, making it a leading cause of 

disability in the elderly in the United States (Lawrence et al., 1998). Osteoarthritis in the 

knee and hip is especially prevalent, being responsible for approximately 95% of total 

knee and hip replacements (Kapoor and Mahomed, 2015). While knee osteoarthritis as a 

disease is difficult to create strict diagnostic criteria for, individuals who have been 

diagnosed with it typically report symptoms such as chronic knee pain, difficulty flexing 

or bearing weight through the knee, and stiffness in the morning (Hung and Ahmed, 

2017). Among patients who have knee osteoarthritis it is most common in the PF (22%) 

and medial TF (44.7%) compartments (Davies et al., 2002). It can exist in any 

combination of the knee compartments, including all of them or just one. 

2.2.2 ACL Reconstruction 

ACL injuries are common in sports and often occur in non-contact scenarios when an 

athlete lands from a jump or rapidly changes direction (Kanosue et al., 2015). ACL 

injuries come in a range of severities, from being stretched too far but remaining intact to 

being completely torn. When severe enough, the injury is treated with an ACL 

reconstruction, a surgical replacement of the ACL (Prodromos, 2018). Mall et al. (2014) 

found that the incidence of ACL reconstructions has been increasing in recent years, and 

that people under the age of 20 are most at risk of needing to receive an ACL 

reconstruction. In addition, ACL reconstructions, even when successful, have also been 

linked to a higher prevalence of knee pain and osteoarthritis 10 to 15 years later 

(Lohmander et al., 2004; Von Porat et al., 2004). 

2.2.3 Patellofemoral Pain 

PF pain is a broad diagnosis that refers to knee pain felt around the patella or more 

generally in the anterior portion of the knee (Thomee et al., 1999). PF pain often causes 

difficulty in performing activities in which the knee joint needs to be flexed, such as 

ascending stairs or rising from a chair. Uncertainty around the exact etiology of PF pain 

has made it difficult to treat.  It has been shown to primarily affect a similar segment of 
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the population as ACL reconstructions, with young and active individuals being the most 

likely to be diagnosed (Baquie and Brukner, 1997; Rothermich et al., 2015). 

2.2.4 Etiology of Knee Disorders 

While all of the knee disorders described above have complex etiologies that are not fully 

understood, they have all been linked to altered kinematics or loading of the knee joint in 

some way (Buckwalter et al., 2004; Carter et al., 2004; Maetzel et al., 1997; Sharma et 

al., 2001; Thomeer et al., 2017; Wilson, 2007; Zabala et al., 2015). However, 

understanding how and to what extent the mechanics of these knees differs from that of 

healthy knees is limited by a lack of data on the loading and movement of a healthy knee 

joint during functional activities (2.4). Further work needs to be done in this area. 

2.3 Imaging Techniques 

There are many different methodologies for capturing the geometry and kinematics of the 

bones and soft tissue of the knee joint complex. The following section will define several 

of these techniques and briefly explain the positives and negatives associated with using 

them. Only methodologies that can be used on healthy in vivo knees are examined here. 

2.3.1 Static Imaging Techniques 

Static imaging refers to imaging techniques that are used on stationary knees with the 

goal of accurately capturing the geometry or shape of the bones or soft tissue in the knee 

joint complex. These techniques all require the subject to remain as still as possible in the 

capture volume for a variable length of time in order to capture a high-quality image. 

2.3.1.1 Computed Tomography Scanning 

Computed tomography (CT) is a technique in which a series of x-ray images are gathered 

from different angles and combined to create cross-sectional images of the scanned 

object. In other words, as opposed to traditional x-ray imaging, where a three dimensional 

object is compressed into a two dimensional plane along the direction of the x-ray, CT 

scanning allows for a single cross-sectional plane to be imaged, increasing the contrast 

resolution of the image (Hsieh, 2015). CT scans excel in capturing denser objects such as 

bone or metal joint replacements, as opposed to less dense soft tissue where they are less 
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effective. As x-rays are used during CT scans, subjects are exposed to radiation (Buzug, 

2008). 

2.3.1.2 Magnetic Resonance Imaging 

Magnetic resonance (MR) imaging is a methodology where three dimensional geometric 

and material data can be measured from an object by recording the locations and resonant 

frequencies that atomic nuclei in the object emit when exposed to different 

electromagnetic waves generated by the MR scanner (Prasad, 2006). In comparison to 

CT scanning, the primary benefit of MR scanning is in its ability to detect and 

differentiate soft tissue because of their high water content (Vlaardingerbroek and Boer, 

2003). At present the electromagnet waves used in MR scanning have no known negative 

side effects in subjects (Prasad, 2006). 

2.3.2 Dynamic Imaging Techniques 

Dynamic imaging refers to imagining techniques that are used on knees that are in motion 

at the time of imaging in order to capture the kinematics or relative motion of the bones 

in the knee. These techniques sometimes require a static imaging technique to be done in 

conjunction with them in order to process the data. 

2.3.2.1 Video Motion Capture using Skin Markers 

Video motion capture using skin markers is the movement measuring technique where 

reflective markers are placed over bony landmarks on the skin and the markers’ location 

is recorded over time by multiple cameras, this data is then used to estimate the location 

of the bony landmarks over time (Andriacchi and Alexander, 2000). The advantages of 

motion capture are that it is non-invasive, applicable in many different physical 

environments, and has a large capture volume that can record whole body movements. 

However, joint kinematics measured using a skin marker system assume there is little to 

no movement between the skin and the underlying bone, which in many scenarios is not 

true (Akbarshahi et al., 2010; Cappozzo et al., 1996).  
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2.3.2.2 Intra-Cortical Bone Pins 

Intra-cortical bone pins are stainless steel rods that, on one end, are screwed through the 

skin into the underlying bone, and on the other end contain a set of three reflective 

markers (Ramsey et al., 2003). When used in conjunction with motion capture cameras, 

the bone pins’ rigid connection allows for the measurement of skeletal kinematics without 

the skin motion error of skin markers. However, bone pins are also invasive, cause pain 

that possibly affects movement, and sometimes deform at large joint angles (Andriacchi 

and Alexander, 2000; Ramsey et al., 2003). 

2.3.2.3 Dynamic Magnetic Resonance Imaging 

Dynamic MR imaging describes any MR imaging sequence that has a temporal 

dimension. While there are multiple methods to do this (Borotikar et al., 2012; Sheehan 

et al., 1997), they all require a sacrifice in spatial resolution, capturing a few cross-

sectional planes over time instead of the whole three dimensional volume of a static MR 

scan. They are non-invasive and can capture low resolution soft tissue. Conversely, the 

capture volume of dynamic MR imaging is confined to the bore of the MR scanner and 

the action to be imaged must be precisely repeated many times during the imaging 

sequence. 

2.3.2.4 Fluoroscopy 

Fluoroscopy is an imaging technique where a continuous stream of x-rays are passed 

through the capture volume in order to record the imaged object in real time (Seeram, 

2019). Fluoroscopy machines can capture the real time movement of bones without the 

use of invasive bone pins; however, they do expose their subjects to ionizing radiation. 

When compared to MR scanners, fluoroscopy machines are smaller, more portable, and 

more affordable. Single fluoroscopy machine setups are less accurate than biplane 

fluoroscopy, as a single fluoroscopy machine has difficulty detecting translations in the 

direction of capture (Fernandez et al., 2008; Giphart et al., 2012). Stationary fluoroscopy 

machines are limited by their relatively small capture volume, while fluoroscopy 

machines that are mounted to gantry systems are able to move to keep the object of 

interest inside the capture volume, these are known as mobile fluoroscopy machines. 

However, while multiple mobile single plane fluoroscopy systems have been used in 
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recent studies (List et al., 2017; Zeller et al., 2017), mobile biplane fluoroscopy is an 

emerging technology and, as of the writing of this dissertation, data have only been 

published on a single system located at the University of Melbourne in Parkville, Victoria, 

Australia (Guan et al., 2016a). 

2.4 Previous Investigations into Healthy Patellofemoral 

Kinematics 

Previous studies have investigated the kinematics of the PF joint, motivated by its 

importance to the knee joint complex and the frequency with which it is injured. This 

section will give an overview of these previous studies and point out limitations in them 

that will be improved upon in this dissertation. 

There are several important features that will be highlighted when comparing the 

following studies on PF kinematics to that done in this dissertation. First, PF kinematics 

should be directly measured in vivo using healthy knees, as opposed to using a 

computational modelling, cadaver, or pathological knee approach, as it is difficult to 

know how representative these results are of the healthy knee given the assumptions made 

in modelling and the possible anatomical differences between a pathological and healthy 

knee. Second, participants should be performing functional activities (e.g., walking, stair 

climbing), rather than simplified knee flexion activities. While it is possible that simple 

knee flexion activities will produce PF kinematics that are comparable to more dynamic 

ambulatory activities, without first measuring the PF kinematics of these functional 

activities it is not possible to know how important the muscle activations produced in 

them are to the motion of the patella. Third, PF and TF kinematics should be recorded 

simultaneously in order to investigate their relationship to each other. Simultaneous 

recording will ensure that the kinematic measurements are compatible. Finally, accurate 

imaging techniques should be used that do not interfere with the participant’s normal 

movement patterns as the objective is to measure healthy normative movement (e.g., see 

section 2.3.2.2 on intra-cortical bone pins). 

2.4.1 Walking 

In a study of ten individuals with total knee replacements, Guan et al. (2016b) found 

significant differences in TF kinematics between overground and treadmill walking. For 
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this reason, preference will be given to overground walking, in contrast to treadmill 

walking, when examining previous studies on PF kinematics during walking in this 

section. 

Lafortune (1984) conducted the most accurate study of PF kinematics during overground 

walking to date in his PhD thesis. Five healthy participants were recruited, and joint 

positions were tracked using bone pins. All six kinematic degrees of freedom were 

reported for both the PF and TF joints. However, while the TF kinematics were later 

published (Lafortune et al., 1992), the PF data has never been published. This is possibly 

because the patella data from two of the five participants had to be discarded because the 

bone pin shifted. The patella is difficult to track using bone pins because of the extent to 

which it shifts beneath the skin. 

Stein et al. (1993) used single-plane fluoroscopy to measure PF kinematics in eight 

healthy individuals during treadmill gait. This is the earliest published kinematic data on 

the PF joint during gait. All six PF kinematic degrees of freedom and the kinematics of 

the TF joint were not captured due to the limitations of this single-plane fluoroscopy 

system. 

Other studies have predicted walking PF kinematics using methods other than directly 

measuring in vivo healthy knees. Ali et al. (2017) simulated gait for the TF and PF joints 

using two cadaver knees (age: 50 and 72 years). In separate but similarly designed studies, 

Lenhart et al. (2015) and Hu et al. (2018) predicted PF and TF kinematics during walking 

for a single participant using computational contact models driven by estimated muscle 

forces. 

2.4.2 Stair and Ramp Ascent and Descent 

The healthy PF kinematics of ascending and descending stairs warrant investigation 

because of their association with increased PF pain among people with knee disorders 

(Kujala et al., 1993; Thomee et al., 1999). This section also looks at past studies into ramp 

descent because of its similarity to stair descent. 

No previous study has experimentally measured six degree of freedom (6-DOF) PF 

kinematics during either stair ascent or descent for a full gait cycle. The best data currently 

available on stair ascent was acquired by Akbarshahi et al. (2014) for four healthy 
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individuals using a predictive computational contact model of the PF joint. The subject-

specific models were given predicted muscle forces and measured TF joint kinematics 

for the activity as inputs and output the predicted PF kinematics. The output PF 

kinematics were compared to the PF flexion angle during stance phase, which was 

captured using a single-plane fluoroscopy system, to validate the results. 

PF kinematics during a step-up activity have been measured. In a step-up activity, the 

participant begins with one foot on the floor and one foot in front of them on a raised 

surface, the participant then lifts the foot on the floor and stands with both feet on the 

raised surface. Both Suzuki et al. (2012) and Lin et al. (2019) experimentally measured 

the PF kinematics of healthy individuals performing the step-up exercise using biplane 

and single-plane fluoroscopy, respectively. While not the same as stair ascent, these 

studies are the best experimentally obtained data sets on the activity currently available. 

For ramp descent, Farrokhi et al. (2015) used biplane fluoroscopy to find the PF joint 

kinematics of 22 healthy individuals as they walked down an incline on a treadmill. Only 

medial-lateral translation and medial-lateral tilt were reported. As the healthy participants 

in this study were serving as the controls to a group of participants with TF osteoarthritis, 

their average age was 68. 

2.4.3 Simple Activities 

Numerous studies have attempted to quantify the PF kinematics of the knee during simple 

or non-functional activities. These activities are all similar in that they require the knee 

to flex and extend without translating, a requirement of dynamic imaging techniques with 

a small capture volume. Notable examples of these studies are summarized below. 

Knee flexion, which can be done while seated or standing, involves the knee starting in a 

flexed or fully extended position, extending or flexing, and then returning to the starting 

position. The PF kinematics of knee flexion are well studied because of its simplicity. 

Koh et al. (1992) reported basic PF and TF kinematics for a single participant during knee 

flexion using bone pins. Seisler and Sheehan (2007) published a much larger study of the 

healthy PF and TF kinematics of 34 individuals using dynamic MR imaging. Finally, 

using single-plane fluoroscopy, Komistek et al. (2000) found the PF kinematics for 14 

individuals. 
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Lunging and squatting are distinct from knee flexion in that they require the subject to 

support their own bodyweight. This makes them incompatible with some dynamic 

imaging techniques. Using single-plane and biplane fluoroscopy, respectively, Sharma et 

al. (2017) and Nha et al. (2008) reported the kinematics of only the PF joint during a 

lunge. Li et al. (2007) performed a similar study on a static squatting activity, where 

subjects stopped at regular intervals during the squat so static biplane fluoroscopy images 

could be captured for their knee, both TF and PF kinematics were reported. 

2.5 Previous Investigations into Healthy Knee Cartilage 

Contact 

Two separate inputs are required to noninvasively quantify the location of articular 

cartilage contact in healthy PF and TF joints during an activity: the joint kinematics 

during the activity and a solid model of the joint’s cartilage. Combining these two inputs 

it is possible two determine which sections of articular cartilage overlap or contact the 

opposing articular surface (e.g, the patellar articular cartilage would contact the femoral 

articular cartilage) throughout the activity. However, a lack of accurate joint kinematic 

data during functional activities, as described in the preceding section (Section 2.4), has 

been a limitation of previous knee cartilage contact studies. Thus, there is a lack of 

experimental cartilage contact studies involving functional activities and include the PF 

joint. This section will review the studies done to date. 

2.5.1 Cartilage Geometry 

MR images are routinely segmented to non-invasively create subject-specific three-

dimensional cartilage models of healthy knees (Cohen et al., 1999; Coleman et al., 2013; 

Koo et al., 2005; Li et al., 2005). The purpose of this is generally to quantify the 

distribution of cartilage (i.e., a thickness map) covering the articular surface of the bone. 

Koo et al. (2005) created cartilage models of three porcine knees by both segmenting MR 

images and laser scanning the dissected knee in order to assess the MR image 

segmentation method’s accuracy. The MR models were accurate with peak errors of less 

than 1 mm, with the contacting or weightbearing portions of cartilage being the most 

accurate. 
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Coleman et al. (2013) will be used as a representative study for quantifying the cartilage 

thickness of the full healthy knee joint using MR images. Ten healthy knees were scanned 

and manually segmented. Peak cartilage thickness for the three bones ranged between 4.5 

and 5.5 mm. On average, cartilage was thicker in male participants. On the tibia, cartilage 

was thicker on the lateral side and peaked on the medial side of the lateral facet (~5 mm) 

and the lateral side of the medial facet (~4 mm) (i.e., towards the intercondylar eminence). 

On the femur, cartilage thickness peaked in the trochlear groove (~4.7 mm), with a 

smaller peak on the posterior surface of the medial condyle (~3 mm). On the patella, the 

thickest portion of cartilage ran in a line from the medial facet to the lateral facet across 

the patellar ridge (~5.4 mm). Of the three bones the patella had the thickest cartilage, on 

average. 

2.5.2 Cartilage Contact 

No study has been published that measures cartilage contact in the TF and PF joints 

simultaneously. In addition, no study has been published that investigates PF cartilage 

contact during the full stride cycle of a functional ambulatory activity. Using biplane 

fluoroscopy for kinematics and MR images for the cartilage model, Suzuki et al. (2012) 

quantified PF cartilage contact during a step-up activity for 12 healthy individuals and 

found that cartilage contact was centered on the lateral side of the patella and the femur 

throughout the activity. Kobayashi et al. (2013) performed a similar analysis during a 

lunge activity, however it was not a dynamic movement as the participants were 

instructed to freeze at different levels of knee flexion for the x-ray images to be captured. 

Using a cadaver knee with an implemented force sensor, Zavatsky et al. (2004) found that 

the center of contact on the patella was located on the lateral patellar facet during a 

simulated knee extension activity. 

Examining only the TF joint, no study has quantified cartilage contact for an entire gait 

cycle; however, a few studies have examined the period around heel-strike. MR imaging 

was used to create the cartilage models in each of the following studies. With a large 

sample size of 44 healthy participants, Akpinar et al. (2019) reported that level treadmill 

walking resulted in a greater cartilage contact area at heel-strike compared to downhill 

treadmill running, as measured using biplane fluoroscopy. Studying the whole stance 

phase of treadmill gait in eight healthy individuals using biplane fluoroscopy, Liu et al. 

(2010) concluded that peak cartilage contact occurred in areas with thicker articular 
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cartilage. Koo et al. (2011) came to the same conclusion one year later when they 

measured the location of cartilage contact at heel-strike in 17 healthy participants using 

skin-marker based motion capture to quantify the joint kinematics. This positive 

relationship between areas of cartilage contact and cartilage thickness was also found by 

Bingham et al. (2008) and Li et al. (2005) for a forward lunge measured by biplane 

fluoroscopy. 

2.6 Previous Investigations into Healthy Knee Contact Forces 

During Walking 

Due to its important contribution to knee extension and the frequency with which it is 

injured, previous studies have attempted to calculate the contact force in the PF joint 

during walking. At present, the most accurate method for doing this is via a three-

dimensional contact model, where the contact force is calculated based on a balance 

between the external ground forces, muscle and ligament forces, inertial forces, and the 

subsequent deformation of the joint’s articular cartilage. Alternative methods for finding 

PF contact force, such as two-dimensional models or cadaver studies, have also been used 

for walking and will be covered in this section. 

To validate the contact force predictions of a joint contact model the actual joint contact 

force should be measured and compared. However, direct validation in vivo is not 

possible for practical and ethical reasons. While not as accurate as validating via direct 

contact force measurement, measuring joint kinematics and comparing them to joint 

contact model predicted kinematics offers some evaluation of the accuracy of the 

predictions and is possible for a three-dimensional contact model. To date no previous 

study into PF joint contact force during walking has been able to validate using either of 

these methodologies because of a lack of experimental data on the PF joint. 

2.6.1 Contact Models 

Knee joint contact models are typically used in conjunction with full body or lower-limb 

musculoskeletal models. In this setup the musculoskeletal model calculates the necessary 

muscle forces to drive the body to perform the desired action, and the contact model 

calculates the resulting knee kinematics and contact forces needed to achieve equilibrium 

with the muscle forces. Ideally, the contact model is built directly into the knee of the 
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musculoskeletal model so the two can be solved simultaneously; however, it is also 

possible to generate solutions where the two models are separate, and the contact model 

is solved after the musculoskeletal model. 

While various methods exist, at present only two types of contact models are commonly 

used for modelling the PF joint: finite element models and elastic foundation models. In 

the finite element method, the geometry of the joint (e.g., bone, cartilage) is divided into 

many simple geometric shapes or elements that, when combined, accurately describe the 

total geometry of the joint. These elements are each given material properties and 

constraints that define their relationships to each other. While accurate, the finite element 

method suffers from a large time cost for both creating a model and running it. In the 

elastic foundation method, articular cartilage is modelled as a series of tightly bunched 

linear springs where the resting length of the spring is the thickness of the cartilage and 

the spring constant is the stiffness of the cartilage. Elastic foundation models benefit from 

being faster to create and run relative to other contact modelling techniques. 

For walking, the best knee contact force prediction, to date, was done by Lenhart et al. 

(2015). An elastic foundation model was created for a single healthy participant using 

static MR images and built into a generic lower-limb musculoskeletal model. This model 

was driven to track full body kinematics during walking recorded using skin-marker 

based motion capture. To validate the model’s solution the contact model’s resulting 

kinematics were compared, and matched well with, knee flexion kinematics measured 

using a dynamic MR scan. TF and PF contact pressures were reported over the gait cycle. 

However, conclusions on knee contact forces from this study are limited because of the 

small simple size, one subject, and the limited validation, kinematics were compared to a 

flexion activity instead of the same activity being studied. 

Following on this work, van Rossom et al. (2018) scaled the model created by Lenhart et 

al. (2015) to predict the peak and average PF and TF contact forces of 15 healthy 

individuals during a range of activities, including walking. Brandon et al. (2018) 

conducted a similar study where the model created by Lenhart et al. (2015) was scaled to 

predict the knee contact forces of 20 healthy children during walking. Both studies have 

the same major limitations: the contact models were generic and not subject-specific, and 

they contained no method to validate the contact model results. 
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Hu et al. (2018) created a single elastic foundation model from publicly available knee 

MR data and incorporated it into a generic model of the lower-limbs. Motion-capture data 

of walking was recorded from a separate individual for the musculoskeletal model to 

track. Resulting PF kinematics were compared to previously published PF kinematics 

during a knee flexion activity from a different individual in order to validate the results. 

PF contact force during the gait cycle was published. Despite the quality of the analysis 

in this study, it is severely limited by using separate subjects for the contact model, motion 

capture, and results validation. 

Halonen et al. (2016) used a two-step modelling approach to predict knee contact forces. 

Motion capture data was recorded for a single healthy participant and used to drive a 

generic musculoskeletal model which calculated muscle forces. Then those calculated 

muscle forces were used to drive a separate model, a finite element model of the TF and 

PF joints, based on the subject’s MR images, which outputted predicted knee contact 

forces. Validation was lacking, with only TF kinematics for a few degrees of freedom 

being used to assess the results. Also, the two-step modelling methodology is a limitation 

as it does not allow for the kinematics of the PF joint in the contact model to affect the 

musculoskeletal model’s choice of which muscles to activate. 

2.6.2 Other Techniques 

While the studies presented above that make use of contact models represent the best 

work that has been done to date on knee joint contact during walking, other techniques 

have been tried as well. These studies are typically older, published before building 

subject-specific contact models that include the PF joint became more practical. In order 

to produce knee contact force results without the use of a contact model most of the 

studies presented below make gross simplifications to the knee joint complex or use non-

subject-specific knee joint contact parameters. 

Simplified mathematical models were previously commonly used to calculate PF contact 

forces during walking (Brechter and Powers, 2002; Chen et al., 2010; Komistek et al., 

1998; Moissenet et al., 2017; Shelburne et al., 2005). In these models the motion of the 

patella is typically governed by constraint equations and the PF contact force is defined 

as the patella-femur interbody force necessary to satisfy those equations. Moissenet et al. 

(2017) is an example of this form of study. A musculoskeletal model of a single leg was 
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constructed in which the TF and PF joints were both hinge joints. Muscle forces were 

determined by solving a muscle activation optimization problem in which the model 

tracked the motion of a single individual’s gait pattern captured using a motion capture 

system. The PF constraint forces were reported over the gait cycle. No validation of these 

contact force results was performed. 

2.6.3 Direct Collocation 

Direct collocation is an efficient method for solving complex optimal control problems 

that is commonly used to simulate human movement using musculoskeletal models 

(Ackermann and Van den Bogert, 2010; Kaplan and Heegaard, 2001; Lin and Pandy, 

2017; Lin et al., 2018; Porsa et al., 2016; Stelzer and Von Stryk, 2006). While it has not 

previously been used in a simulation which includes a PF joint, a brief description will 

be given here as it will be implemented in Chapter 5. 

Trajectory optimization is the process of determining a path (i.e., trajectory) for a system 

while minimizing some performance criteria (Kelly, 2017). For instance, a person 

walking from point A to B. The trajectory would include numerous variables as functions 

time, such as, the motion of the body, muscle forces, neural excitations, etc. The 

performance criteria to optimize could be total muscle activation (for efficient walking) 

or time (for fast walking). 

Direct shooting is the traditional method for solving trajectory optimization problems. In 

direct shooting the control variables (e.g., neural excitations) are discretized and given to 

the optimizer as variables that can be changed in order to minimize the performance 

criteria. The states (e.g., muscle activation, muscle force, joint motion) are then 

determined by forward integrating the dynamical equations that define the system given 

the controls. While this method benefits from having few design variables, it is 

computationally expensive (Porsa et al., 2016). 

Direction collocation is a more computationally efficient method for solving trajectory 

optimization problems. Both the controls and states are discretized. This removes the need 

to forward integrate the computationally expensive dynamical equations in order to solve 

for the states. Instead, these equations are converted into a series of algebraic constraints 
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that must be satisfied. These constraints would look as follows when using the trapezoidal 

rule for integration (Lin and Pandy, 2017): 

𝑥𝑥𝑛𝑛+1 − 𝑥𝑥𝑛𝑛
𝑡𝑡𝑛𝑛+1 − 𝑡𝑡𝑛𝑛

−
𝑥𝑥𝑛𝑛′ + 𝑥𝑥𝑛𝑛+1′

2
= 0 

where x is the vector of states, x’ is the vector of state derivatives, and t is time. By forcing 

the optimizer to satisfy this constraint, the correct relationship between the controls and 

states is maintained while avoiding the time cost of forward integration. 

2.7 Aims of this Dissertation 

The knee is a complex weightbearing joint in the lower-limb that is critical for functional 

activities such as walking. The knee is also subject to many different disorders that limit 

its ability to function properly. With many knee injuries (e.g., ACL reconstructions) 

eventually leading to PF and TF osteoarthritis, a debilitating disease indicated by a loss 

of articular cartilage. The etiologies of many of these knee disorders have been tied to 

altered mechanics of the knee joint. These alterations can manifest in many ways such as 

the contacting areas of cartilage or the loading pattern of the patella. However, prevention 

and diagnosis of altered knee mechanics are limited by a lack of knowledge of the 

mechanics of the healthy knee joint. Capturing the motion of the full knee joint during a 

functional activity requires an accurate dynamic imaging technique with a large capture 

volume that, until recently, did not exist. This lack of knowledge of healthy knee joint 

kinematics has also been a major limitation of any previous study attempting to 

investigate the cartilage contact patterns of the healthy knee or validate the force 

prediction of a contact model of the healthy knee. 

This present dissertation has been organized into three aims that address the lack of 

knowledge of healthy knee joint mechanics: 

Aim 1 (Chapter 3) focuses on experimentally measuring the PF kinematics of healthy 

knees during functional activities. This aim makes use of a mobile biplane fluoroscopy 

machine that has not previously been used to study the kinematics of the healthy PF joint. 

The motion of the PF joint is described here, and the extent to which each motion is 

coupled to TF flexion is quantified. 
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Aim 2 (Chapter 4) focuses on calculating the location of cartilage contact in both the PF 

and TF joints of healthy knees during functional activities. The kinematic results of Aim 

1 will be used to aid in accurately locating the contacting cartilage. The locations of 

contacting cartilage will be investigated to determine if, in healthy knees, it aligns with 

areas of greater cartilage thickness. 

Aim 3 (Chapter 5) focuses on calculating the medial and lateral contact forces for the PF 

and TF joints of healthy knees during overground walking. Subject-specific elastic 

foundation contact models of the PF and TF joints will be created and built into a lower-

limb musculoskeletal model to calculate these joint contact forces. The kinematic results 

of Aim 1 and cartilage contact results of Aim 2 will be used to validate the PF and TF 

mechanics predicted by the contact model. The simulation’s solution will be investigated 

to search for contributors to PF contact force and its medial-lateral distribution. 
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Chapter 3 Healthy Patellofemoral Kinematics 

during Functional Activities 

This chapter is based on work that was submitted for publication to Annals of Biomedical 

Engineering on March 4th, 2020. 

The level walking kinematic data presented in this chapter were additionally published in 

the following work: 

Gray, H.A., Guan, S., Thomeer, L.T., Schache, A.G., de Steiger, R., Pandy, M.G., 

2019. Three-dimensional motion of the knee-joint complex during normal walking 

revealed by mobile biplane x-ray imaging. J Orthop Res 37, 615-630. 

3.1 Introduction 

The PF joint, a component of the knee joint complex, is critical for efficient knee 

extension (Im et al., 2015). However, the PF joint is also frequently injured through 

disorders such as PF pain, mainly affecting young and active individuals, and PF 

osteoarthritis, mainly affecting older individuals (Davies et al., 2002; Rothermich et al., 

2015). The etiologies of these various PF knee disorders have all been linked to altered 

mechanics of the PF joint (Carter et al., 2004; Thomeer et al., 2017). 

This pathway to injury indicates that a robust understanding of the kinematics of the 

healthy PF joint during everyday activities is essential to the prevention and treatment of 

PF joint disorders. Previous studies have measured a few healthy PF degrees of freedom 

during a functional activity (Farrokhi et al., 2015; Stein et al., 1993), or healthy 6-DOF 

PF kinematics during a non-functional activity such as lunging or squatting (Komistek et 

al., 2000; Li et al., 2007; Nha et al., 2008; Seisler and Sheehan, 2007; Sharma et al., 

2017), but no previous study has reported healthy 6-DOF PF kinematics during a full gait 

activity. This is because imaging the knee during an activity such as walking requires a 

dynamic imaging technique that is both accurate and has a large or mobile capture 

volume. 

Assuming that the patella, tibia, and femur are non-deformable bodies, the knee has 12-

DOF in total, 3 rotations and 3 translations at the TF joint, and 3 rotations and 3 
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translations as the PF joint. Despite this, in musculoskeletal modelling simulations the 

knee is frequently modelled as having only 1-DOF (e.g., it is modelled as a hinge knee) 

(Correa et al., 2010; Jansen et al., 2014; Klemetti et al., 2014; Lin and Pandy, 2017; 

Neptune and McGowan, 2016; Pandy et al., 2010). This assumes that the 6-DOF motion 

of the PF joint is fully determined by (or coupled to) the TF flexion angle. However, the 

accuracy of this assumption throughout the full gait cycle of various functional activities 

has not previously been assessed as accurate 3D measurements of patellar motion are 

needed to perform this calculation. 

In this study, a novel mobile biplane X-ray (MoBiX) imaging system (Guan et al., 2016a) 

was used to capture fluoroscopy images of the knee while six activities were performed: 

static standing, level walking, downhill walking, stair descent, stair ascent, and open-

chain knee flexion. The primary purpose of this study was to measure and report the 6-

DOF kinematics of the PF joint during these activities. The secondary purpose of this 

study was to quantify the extent to which the PF DOFs were coupled to TF flexion angle. 

3.2 Methods 

3.2.1 Participants 

A cohort of ten healthy subjects (6M/4F, 27.1±10.7 years, 68.3±9.0 kg, 168.0±9.3 cm) 

were recruited based on the following inclusion criteria: a) no knee pain or previous knee 

surgery, and b) no contraindications to receiving X-ray fluoroscopy, computed 

tomography (CT) or magnetic resonance scans. Informed consent was acquired prior to 

testing and all experimental procedures were approved by the Human Research Ethics 

Committee at the University of Melbourne. 

3.2.2 Data Collection 

All participants visited the gait lab for two familiarization sessions and two data-

collection sessions. Familiarization sessions involved a walkthrough of the experimental 

procedures and were conducted to introduce participants to the data-collection process. 

In addition, each participant attended a local imaging center to receive a CT scan (0.35 x 

0.35 x 0.50 mm) of their right knee. 



CHAPTER 3: PATELLOFEMORAL KINEMATICS 

 35 

Three sets of data were captured simultaneously during data-collection: biplane 

fluoroscopic images, full-body motion, and ground reaction forces. Biplane fluoroscopy 

images were acquired using the MoBiX imaging system (1,024 x 1,024 pixels, 200 

frames/s, 1/200 s exposure time, 110 kV, 13.1 mA). Combined with the CT scan, the 

maximum radiation dosage received was below 0.21 mSv. All participants wore a lead 

vest. Full-body motion data were captured using a 9-camera motion capture system 

(VICON, Oxford, UK) operating at 120 Hz. Forty-five reflective skin markers were used. 

Ground reaction forces were captured using three force plates (AMTI, Watertown, MA) 

operating at 1,080 Hz. 

3.2.3 Activities 

Participants performed six activities: standing, open-chain knee flexion, level walking, 

downhill walking, stair descent, and stair ascent. For the standing activity, participants 

stood stationary with both feet along opposite edges of a single force plate, arms were 

straight but abducted away from their torso. For the open-chain knee flexion activity, 

participants begin with both feet shoulder width apart on a single force plate before 

beginning a four-step process: 1) the left hip was adducted so that the right foot lifted off 

the force plate while the right knee remained extended, 2) the right knee was slowly flexed 

to its fullest extent, 3) the right knee was slowly extended, and 4) the right foot was placed 

back on the force plate to return to the starting position. The knee flexion and extension 

cycles were separately processed. Participants were given a pole to aid in maintaining 

their balance throughout the flexion-extension cycle. Participants were instructed to keep 

their right thigh stationary throughout Steps 2 and 3. A horizontal board was attached to 

the pole which was adjusted to lightly touch the thigh of each participant. This board 

served as a tactile reminder to keep the thigh stationary, it did not restrain motion of the 

thigh. For the level walking activity (Figure 3.1), each participant took ten steps at a self-

selected speed. Average stride length was measured prior to data-collection while each 

participant walked across the lab several times. This stride length was used to prescribe 

the starting location and the first three steps of the activity to ensure that steps four, five, 

and six occurred on a force plate. Data were processed from heel-strikes five through 

seven, or one complete gait cycle. For the downhill walking, stair descent, and stair ascent 

activities (Figure 3.1), each participant took six steps at a self-selected speed, starting and 

ending on a level platform. The ramp used had a 10° decline. The stairs used consisted of 
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two 17 cm steps. A uniform starting position was prescribed for all participants to ensure 

that steps two, three, and four occurred on the force plates. Data were processed from 

heel-strikes three to five. All four gait activities (i.e., level walking, downhill walking, 

stair descent, and stair ascent) occurred over ground. 

 
Figure 3.1: Top Down View of Step Locations for Gait Activities. Footprints signify step locations. Black 
outlined boxes signify force plate locations. Green and orange footprints signify starting and ending heel-
strikes of processed gait cycle, respectively. Purple lines signify step locations prescribed by taped marks. 

3.2.4 Data Processing 

Geometric models of each participant’s femur and patella were manually created by 

segmenting their CT scan using 3D Slicer (Pieper et al., 2006). An anatomical coordinate 

system (Figure 3.2) based on the work of Grood and Suntay (1983) was defined for each 

geometric model using Geomagic (3D Systems, Morrisville, NC). For the patella, the 

origin was defined as the centroid, the anterior axis was defined as the third inertial axis, 

the lateral axis was defined as being mutually perpendicular to the anterior axis and the 

patellar ridge, and the superior axis was mutually perpendicular to the anterior and lateral 

axes. For the femur, the lateral axis was defined as the axis of a cylinder fit to the posterior 

and distal portions of both condyles, the origin was defined as the point where a 

perpendicular line dropped from the most distal portion of the intercondylar notch 

intersected the lateral axis, the superior axis was defined as the axis of a cone fit to the 

femoral shaft, and the anterior axis was mutually perpendicular to the lateral and superior 

axes. 
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Figure 3.2: Anatomical Coordinate System. The superior-inferior (orange), medial-lateral (blue), and 
anterior-posterior (green) axes used in this study displayed on the femur (A) and patella (B) of a single 
subject. 

6-DOF PF kinematics were acquired by translating and rotating the geometric models to 

match the orientation of the bone in the captured fluoroscopy images using custom 

MATLAB (Mathworks Inc., Natick, MA) software. Maximum root-mean-square errors 

for these procedures for the intact PF joint have been assessed as 0.37 mm for translations 

and 1.46° for rotations by comparing to the results of a bead-based method (2 mm 

diameter zirconium oxide beads) (Gray et al., 2017). Fluoroscopic data were processed at 

50 Hz (a decrease from the 200 Hz the images were captured at in order to save time 

while performing manual pose estimation) and filtered using a fourth-order, low-pass 

Butterworth filter with a 10 Hz cut-off frequency. The final results were resampled to 201 

data points. Full-body motion and ground reaction force data were used to identify gait 

events. 

3.2.5 Analysis 

For each dynamic activity, the degree of coupling between each PF motion and TF 

flexion-extension was quantified. The mean values for each PF motion were plotted 

against TF flexion-extension, and a spline function was fit to the resulting 201 data points 

using the MATLAB function ‘fit’ with the value of the ‘smoothing parameter’ set to 0.1. 

A coefficient of determination (r2) and root-mean-square error (RMSE) were calculated 

for each DOF. Perfect coupling would be reflected by an r2 value of 1.00 and an RMSE 

value of 0.0. A DOF was considered to be strongly coupled when r2 ≥ 0.7, moderately 

coupled when 0.5 ≤ r2 < 0.7, and not coupled when r2 < 0.5. This analysis was repeated 

for each DOF with the data from all the dynamic tasks pooled together. A spline function 
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was fit to the resulting 5 x 201 = 1,005 data points and r2 and RMSE values were 

computed as before. 

In addition, means and standard deviations were calculated for the 6-DOF PF kinematics 

of each activity. Student’s paired t-tests with a Bonferroni correction were performed to 

test for differences in the mean, minima, maxima and range of motion between activities. 

A significance level of 0.05 was used. 

3.3 Results 

3.3.1 Activity Velocities 

Level walking had the highest mean walking speed at 1.31±0.14 m/s. This was followed 

by downhill walking at 0.84±0.09 m/s, stair ascent at 0.63±0.09 m/s, and stair descent at 

0.62±0.05 m/s. The average TF flexion angular velocity of the open-chain knee flexion 

activity was 125.93±21.03 deg/s (compared to 159.7±26.5 deg/s for level walking). 

3.3.2 Kinematic Features 

The largest rotational DOF was flexion-extension, with ranges of motion (ROM) from 

68.7° to 50.1° (Table 3.1). ROMs for medial-lateral rotation (9.4° to 5.5°) and medial-

lateral tilt (9.8° to 7.1°) were much smaller. For the translations, anterior-posterior 

translation (17.3 to 11.5 mm) and superior-inferior translation (17.5 to 14.5 mm) had 

similarly large ROMs, with both being larger than medial-lateral shift (7.2 to 3.8 mm). 

The patella rapidly translated superiorly and laterally just prior to heel-strike in all 

dynamic activities (Figure 3.3, first and second column). Relatively little motion was seen 

throughout the activity for both medial-lateral shift and medial-lateral tilt, except for 

open-chain knee flexion, which tilted 5 degrees laterally followed by 4 degrees of medial 

tilt. Compared to standing, the patella was shifted and tilted more medially throughout all 

dynamic activities. Except for level walking, medial-lateral shift was largely static from 

contralateral toe-off to ipsilateral toe-off for all gait activities. Stair ascent was more 

flexed, posteriorly translated, and inferiorly translated in early stance when compared to 

the other gait activities. 
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Table 3.1: Patellofemoral Kinematics for Dynamic Activities. The mean, minima, maxima, and ROM of 
each DOF and activity. Superscripts indicate significant differences between the corresponding activities. 

LW, level walk; DW, downhill walk; SD, stair descent; SA, stair ascent; OF, open-chain flexion. 
Parameter  

(Unit) Meas. Level Walk Downhill Walk Stair Descent Stair Ascent Open-chain 
Flexion 

            

Flexion       
(deg) 

Mean 15.8 DW, SD, SA, OF 22.2 LW, SD, SA, OF 29.4 LW, DW, SA, OF 24.4 LW, DW, SD, OF 41.4 LW, DW, SD, SA 

Min 47.3 DW, SD, OF 50.6 LW, SD, OF 64.6 LW, DW, SA, OF 52.0 SD, OF 73.8 LW, DW, SD, SA 

Max -4.8 DW, SA, OF 0.5 LW 0.9 
 

1.5 LW 5.1 LW 

ROM 52.1 SD, OF 50.1 SD, OF 63.7 LW, DW, SA 50.6 SD, OF 68.7 LW, DW, SA 

            

Lateral 
rotation 
(deg) 

Mean -3.1 
 

-3.3 
 

-3.5 
 

-4.1 
 

-2.1 
 

Min 2.0 
 

-0.2 
 

0.4 
 

0.8 
 

0.5 
 

Max -7.3 
 

-6.4 
 

-7.5 
 

-8.6 OF -5.0 SA 

ROM 9.3 OF 6.2 SA 7.9 
 

9.4 DW, OF 5.5 LW, SA 

            

Lateral tilt  
(deg) 

Mean 1.7 
 

1.9 
 

1.1 
 

1.0 
 

2.3 
 

Min 6.9 
 

6.2 
 

4.9 
 

4.7 
 

5.5 
 

Max -2.9 
 

-1.7 
 

-2.4 
 

-2.4 
 

-2.5 
 

ROM 9.8 
 

8.0 
 

7.3 
 

7.1 
 

8.0 
 

            

Lateral 
shift (mm) 

Mean 4.4 
 

3.9 
 

3.8 
 

3.7 
 

3.9 
 

Min 8.0 
 

7.2 
 

7.4 
 

6.6 
 

5.8 
 

Max 0.8 
 

1.7 
 

1.7 
 

1.4 
 

1.9 
 

ROM 7.2 OF 5.6 
 

5.7 
 

5.3 
 

3.8 LW 

            

Anterior 
translation  

(mm) 

Mean 46.2 DW, SD, SA, OF 45.3 LW, SD, SA, OF 43.4 LW, DW, SA, OF 44.6 LW, DW, SD, OF 41.2 LW, DW, SD, SA 

Min 50.6 OF 50.0 
 

49.7 
 

49.5 
 

49.1 LW 

Max 39.1 SD, SA, OF 38.0 SD, SA, OF 33.8 LW, DW, SA 37.0 LW, DW, SD, OF 31.9 LW, DW, SA 

ROM 11.5 SD, OF 12.0 SD, OF 15.9 LW, DW, SA 12.6 SD, OF 17.3 LW, DW, SA 

            

Superior 
translation  

(mm) 

Mean 9.9 DW, SD, SA, OF 6.7 LW, SD 4.9 LW, DW 5.9 LW 4.0 LW 

Min 17.6 DW, SD, SA, OF 14.9 LW, OF 13.5 LW 14.5 LW 11.3 LW, DW 

Max 0.0 
 

-0.9 
 

-1.7 
 

-1.7 
 

-3.2 
 

ROM 17.5   15.8   15.2   16.2   14.5   
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Figure 3.3: Patellofemoral Kinematics and Degree of Coupling. The first and second columns plot the 6-
DOF kinematics of the PF joint against the percent of each activity completed. Vertical dotted lines 
correspond to significant gait events: HS, heel strike; CTO, contralateral toe off; CHS, contralateral heel 
strike; TO, toe off; HS, heel strike. The third column plots the 6-DOF kinematics of the PF joint against the 
TF flexion-extension angle. Black numbers represent the degree of coupling of all dynamic activities 
combined. Colored numbers represent the degree of coupling of each individual activity. The shaded region 
represents one standard deviation. The solid and dashed lines represent the stance and swing phase, 
respectively, except for open-chain knee flexion, where they represent knee flexion and knee extension. 
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3.3.3 Coupling in the Patellofemoral Joint 

The degree of coupling can be qualitatively visualized by plotting the PF kinematics 

against the TF flexion angle (Figure 3.3, third column). Flexion-extension and anterior-

posterior translation were nearly perfectly coupled to TF flexion (r2 = 0.99). In addition, 

both exhibited a linear relationship with TF flexion angle (Pearson's linear correlation 

coefficients of 0.99 and -0.98, respectively). Medial-lateral shift showed strong coupling 

(r2 = 0.71). All dynamic activities rapidly shifted laterally at low levels of TF flexion. 

This trend was qualitatively continued in the medial-lateral shift of the hyperextended 

knee during standing. Superior-inferior translation was also strongly coupled (r2 = 0.80). 

However, its RMS error of 2.3 mm was over five times greater than the other translations 

(0.4 mm for both anterior-posterior translation and medial-lateral shift) due to the 

divergence of the curves at low TF flexion angles. Medial-lateral tilt (r2 = 0.24) and 

medial-lateral rotation (r2 = 0.39) were not strongly coupled to TF flexion and neither 

showed any obvious patterns of movement. 

3.4 Discussion 

The data presented in this study are the first of their kind to accurately describe the 6-

DOF motion of the healthy PF joint during multiple daily ambulatory activities. This was 

accomplished using a mobile biplane X-ray imaging system. We found that TF flexion 

was strongly coupled to four of the six motions of the patella: flexion-extension, anterior-

posterior translation, medial-lateral shift, and superior-inferior translation. In addition, we 

quantified the distinct medial-lateral shift of the patella at low TF flexion angles that was 

characteristic of all gait activities tested. These findings on the basic mechanical function 

of the PF joint during six common activities will assist in further understanding the 

function of a healthy knee. 

The limitations of this study should be considered when interpreting its results. Due to 

limits in the vertical range of the MoBiX imaging system the gait cycles for downhill 

walking, stair ascent and stair descent were not strictly a standard cycle, with the final 

heel strike for each of these three activities occurring on a level platform. Despite this 

limitation the stair and ramp activities performed in this study represent an improvement 

over the limitations imposed by a non-mobile imaging system where only a step-up task 

(Lin et al., 2019; Suzuki et al., 2012) or the stance phase of downhill walking (Farrokhi 
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et al., 2015) can be captured. Another limitation is the potential for the MoBiX imaging 

system to alter a participant’s normal gait pattern through its presence. Yamokoski and 

Banks (2011) quantified the impact of a tracking robot on healthy gait and concluded that 

individuals did walk faster when being tracked but the differences were small in 

magnitude. 

The results of this study demonstrate the importance of the trochlear groove to patellar 

motion. Beyond 20° of TF flexion, when the patella is likely firmly seated in the trochlear 

groove, relatively little medial-lateral shift of the patella was observed. However, at lower 

TF flexion angles, when the patella leaves the intercondylar groove, the patella translated 

laterally. This lateral movement has previously been observed by Nha et al. (2008) for a 

lunge activity, but not for multiple dynamic activities. As the surface of the distal femur 

is relatively flat in this region, this lateral translation is likely caused by the soft tissue 

surrounding the patella and not bone geometry. Additionally, this pattern holds for many 

different instances of quadriceps activation (e.g., both stance and swing phase for the gait 

activities, open-chain flexion, and the standing activity), ruling out active muscle force 

as the cause. Instead, this movement can be attributed to passive soft tissue forces. 

Possibly the pull of the vastus lateralis, as the largest of the vasti muscles (O’Brien et al., 

2010), or the combined pull of both the quadriceps tendon and the patellar tendon (which 

can be quantified using the Q-angle) (Smith et al., 2008). 

Superior translation of the patella in the last 20% of the activity was a characteristic of all 

five dynamic activities. This phenomenon is due to the elasticity of the patellar tendon. 

During the four gait activities the superior translation occurred at low TF flexion angles. 

The patella begins in an inferior location caused by a slack patellar tendon, then activation 

of the quadriceps prior to heel strike stretches the patellar tendon and superiorly translates 

the patella. The superior translation in open-chain knee flexion is likewise caused by 

quadriceps activation, however in this case it is the quadriceps co-contracting in response 

to hamstrings activation. 

Four of the six motions of the patella were coupled to TF flexion. Patellar flexion and 

patellar anterior-posterior translation were nearly perfectly coupled and linearly 

correlated to tibial flexion in all activities, increased tibial flexion leads to patellar flexion 

and posterior translation of the patella. However, patellar medial-lateral rotation and tilt 

are not coupled to tibial flexion. No clear pattern is evident in the motion of either 
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secondary rotation throughout the four gait activities. The RMSE error associated with 

the degree of coupling for both is low (lower than the accuracy of the system as reported 

by Gray et al. (2017)), so the lack of coupling as defined by an r2 value may be due to the 

compressed range of motion for both DOFs. Medial-lateral and superior-inferior 

translation of the patella are both coupled to tibial flexion, but both have weaker couplings 

than those exhibited by patellar flexion and anterior-posterior translation for reasons 

discussed above (i.e., lateral translation of the patella at low TF flexion angles and 

superior-inferior translation of the patella in response to quadriceps activation). Based on 

these data we can conclude that the patellofemoral joint can effectively be modelled as a 

1-DOF joint. However, a 2-DOF joint may often be required to allow for superior-inferior 

translation of the patella to stretch the patellar tendon. 

In summary, the 6-DOF PF kinematics reported here are the first of their kind to be 

measured in healthy knees performing a range of daily ambulatory tasks. We found strong 

coupling between TF flexion and four of the six secondary motions of the knee and 

quantified the kinematic characteristics of the PF joint that persist despite the activity 

being performed. 
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Chapter 4 Cartilage Contact in the Knee and 

its Relationship to Thickness 

This chapter is based on work that has not currently been published or submitted for 

publication. 

4.1 Introduction 

ACL reconstructions, a surgical procedure performed to replace a ruptured ACL, are 

common and their incidence is increasing, particularly among individuals younger than 

20 years or older than 40 years (Mall et al., 2014). This is a cause for concern because of 

the well documented link between ACL reconstructions and knee osteoarthritis 10 to 15 

years later (Lohmander et al., 2004; Von Porat et al., 2004). One proposed theory for the 

increased prevalence of osteoarthritis is that the ACL injury and subsequent 

reconstruction alters the normative kinematics and loading of the joint, leading to 

degeneration of the cartilage (Andriacchi et al., 2009; Chaudhari et al., 2008; Paschos, 

2017). If true, restoration of healthy pre-injury cartilage contact mechanics in the knee 

would likely lower the incidence of post-surgery knee osteoarthritis. 

However, despite its importance in the prevention of osteoarthritis, there is presently a 

lack of data on the cartilage contact patterns that occur in the TF and PF joints of healthy 

individuals during everyday functional activities (e.g., stair ascent and descent). Suzuki 

et al. (2012) determined the centroid of cartilage contact in the PF joint to be on the lateral 

facet during a step-up exercise using biplane fluoroscopy. Liu et al. (2010) found more 

motion of the contact centroid on the medial tibial plateau, in comparison to the lateral 

tibial plateau, of the TF joint during stance phase of level treadmill walking. Akpinar et 

al. (2019) discovered a larger area of cartilage contact during the first 10% of the level 

walking cycle, as opposed to downhill running, in the TF joint. Other studies have 

quantified the patterns of cartilage contact during simple activities such as knee flexion 

or lunging (Bingham et al., 2008; Li et al., 2005; Moro‐oka et al., 2008; Thorhauer and 

Tashman, 2015; Zavatsky et al., 2004). No study has simultaneously determined the 

location of cartilage contact in both the healthy PF and TF joints during complete cycles 

of everyday activities. This is an important gap in the literature to fill as it will provide 
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insight into the healthy function of articular knee cartilage during daily activities and 

comparison data to be used when determining the abnormalities in pathological knees. 

Gray et al. (2019) estimated the center of contact during one stride cycle of level walking 

for both the patellofemoral and tibiofemoral joints using the closest-point and lowest-

point methods, respectively. The closest-point method, which has also been used by Hoff 

et al. (1998) and Komistek et al. (2003), defines the center of contact as the point which 

is the shortest distance between the two surfaces. The lowest-point method defines the 

center of tibiofemoral contact as the most inferior points on the medial and lateral femoral 

condyles (DesJardins et al., 2007). Neither of these methodologies requires a geometric 

cartilage model, making them more cost and time efficient than using cartilage overlap to 

locate the center of contact. However, DeFrate et al. (2004) found an average error of 4.7 

mm in the location of the lateral center of contact when using a bone geometry method 

of locating the center of cartilage contact. 

Previous studies have shown that articular cartilage is responsive to broad changes in 

overall loading within the knee (Hudelmaier et al., 2003; Jones et al., 2003; Koo and 

Andriacchi, 2007; Vanwanseele et al., 2003), leading to the prevailing theory of cartilage 

health, that articular knee cartilage adapts to withstand the cyclical loading patterns of 

activities of daily living, with cartilage breaking down when loading patterns are changed 

(Andriacchi et al., 2009; Chaudhari et al., 2008). Extending this theory, previous studies 

have investigated the relationship between cartilage loading and thickness to see if it 

holds within different regions of the knee. That is, do regions within the same knee that 

experience more contact have thicker cartilage? While analysing the stance phase of gait, 

Liu et al. (2010) found that peak cartilage deformation occurred in regions with thicker 

cartilage on the tibial plateaus. Scanlan et al. (2013) and Koo et al. (2011) concluded that 

cartilage contact occurred in thicker regions of cartilage at heel-strike for the medial 

femoral condyle but not the lateral femoral condyle. Increased cartilage thickness in 

contacting regions was also found by Bingham et al. (2008) and Li et al. (2005) in a lunge 

activity for the TF joint. However, at present, no study has simultaneously investigated 

the strength of the relationship between cartilage contact and thickness in both the 

tibiofemoral and patellofemoral joints, and no study has investigated this relationship in 

the same group of participants during the full stride cycle of multiple activities of daily 
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living. This represents an important avenue for study as at present it is not known whether 

or not knee loading can be interpreted from the cartilage distribution within a single knee. 

The primary goal of this study was to simultaneously measure the locations of cartilage 

contact in the PF and TF joints during everyday activities. This was done using accurate 

12-DOF kinematics of the knee captured using a mobile biplane X-ray imaging system. 

A secondary goal was to determine if thicker regions of cartilage experience more joint 

contact than thinner regions of cartilage. It was hypothesized that the centroid of cartilage 

contact would occur in the lateral facet of the PF joint, and that a positive relationship 

would be found between cartilage thickness and amount of cartilage contact throughout 

the knee joint for level walking, downhill walking, stair ascent, stair descent, and open-

chain knee flexion, with the strongest correlation in level walking. 

4.2 Methods 

4.2.1 Joint Kinematics 

The PF joint kinematics used in this study are the same as those presented in Chapter 3. 

While a brief summary is given below, full details on data acquisition may be found there. 

TF joint kinematics were captured in the same procedure. 

Ten healthy individuals (6M/4F, 27.1±10.7 years, 68.3±9.0 kg, 168.0±9.3 cm) 

participated in this study. All participants performed six activities (standing, open-chain 

knee flexion, level walking, downhill walking, stair ascent, and stair descent) while 

biplane fluoroscopic images of their right knee, full-body motion data, and ground 

reaction forces were simultaneously acquired using the MoBiX imaging system, a 9-

camera motion capture system, and three force plates, respectively. Each participant also 

received a CT scan (0.35 x 0.35 x 0.50 mm) and a proton-density-weighted turbo spin-

echo MR scan (0.625 x 0.625 x 3 mm) of their extended right knee. 

The CT and MR scans were manually segmented using 3D Slicer (Pieper et al., 2006) to 

create geometric models of the femoral, tibial, and patellar bone surfaces and articular 

cartilage, respectively. 6-DOF joint kinematics for the PF and TF joints were derived by 

pose estimating the geometric bone models with the fluoroscopic images. 
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4.2.2 Cartilage Thickness and Contact 

Cartilage thickness was measured for the femur, tibia, and patella of each subject using a 

four-step method implemented using MATLAB. First, each geometric cartilage model 

was transformed into a volumetric point cloud, with points placed 0.10 mm apart. Second, 

the surface of the corresponding geometric bone model was defined as a series of triangles 

with an average side length of 1.00 mm. Third, a ray was projected from the center of and 

normal to each triangle in the surface mesh of the bone model. Fourth, the largest three-

dimensional distance between intersected points along the ray was assigned as the 

cartilage thickness for that triangle. 

The centroid, area, and amount of cartilage contact were determined in MATLAB using 

a five-step process. This process was repeated for all 201 frames for each joint, activity, 

and participant. First, geometric cartilage models were kinematically transformed using 

the results of pose estimation. Second, both geometric cartilage models were turned into 

volumetric point clouds with points placed approximately 0.22 mm apart. Third, the 

contact volume was defined as the intersection of the two cartilage point clouds. Fourth, 

the centroid of the contact volume was mapped to the closest triangle center on both 

geometric bone models to determine the location of the contact centroid on both bones in 

the joint. The centroid of cartilage contact was first determined in the contact volume and 

then mapped to the bone surface, rather than being calculated initially on the bone surface 

in order to give greater weight to areas of cartilage that experienced more overlap. Fifth, 

the individual points in the point cloud defining the contact volume were mapped to the 

closest triangle center on both geometric bone models to determine the area and amount 

of cartilage contact on both bones in the joint. In other words, the total area of cartilage 

contact was determined by summing the individual areas of each triangle that had a point 

from the point cloud mapped to it, and the number of points from the point cloud that 

were mapped to a triangle was used as a surrogate for cartilage contact at that location. 

4.2.3 Statistical Analysis 

A two-way analysis of variance (ANOVA) was used to test for main effects in cartilage 

thickness for: a) contacting and non-contacting regions of cartilage, and b) activity. If 

activity was a main effect, then Tukey’s post hoc tests were done to determine the activity 

pairings that differed. A significance level of 0.05 was used. 
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Spearman’s rank correlation coefficients were found between the cumulative amount of 

contact for an entire activity and cartilage thickness within each of the 6 regions of 

cartilage contact (i.e., medial tibial cartilage, lateral tibial cartilage, patellar cartilage, 

femoral cartilage in the PF joint, femoral cartilage in the medial TF joint and femoral 

cartilage in the lateral TF joint). Cartilage that did not come into contact during an activity 

were excluded from this analysis. A correlation was considered strong when r ≥ 0.70 and 

moderate when 0.50 ≤ r < 0.70. 

Paired t-tests for each participant were done analysing the total area of the contacting 

cartilage between each of the three matching regions of contact: medial tibia to medial 

femur in the TF joint, lateral tibia to lateral femur in the TF joint, and patella to femur in 

the PF joint. The medial and lateral facets of the patella were not distinguished in this 

analysis. A significance level of 0.05 was used with no correction for multiple t-tests. 

4.3 Results 

4.3.1 Cartilage Thickness 

For all participants, the thickest region of femoral cartilage was in the superior portion of 

the trochlear groove (Figure 4.1). It ranged from 3.5 to 5.5 mm thick. No consistent 

patterns in thickness were seen in the remaining portions of femoral cartilage. Peak 

cartilage thickness on the lateral tibial plateau (3.5 to 5.0 mm) was slightly greater and 

covered a wider area than that on the medial plateau (3.0 to 4.5 mm) (Figure 4.1). 

Cartilage thickness for both tibial plateaux peaked near the intercondylar eminence. 

Cartilage thickness in the patella peaked between 4.0 and 6.0 mm for all participants 

(Figure 4.1). The thickest portion of patellar cartilage occurred in a medial-lateral oriented 

strip stretching from the patellar ridge to the lateral border of the patella and was located 

midway up the articular surface of the patella in the superior-inferior direction. Cartilage 

bordering the central strip of thick cartilage, including the medial facet, ranged in 

thickness from 1.0 to 3.0 mm. 
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Figure 4.1: Cartilage Thickness Map for a Single Subject. A sample heatmap showing the cartilage 
thickness for a single subject. All positions are given in mm. 

4.3.2 Centroid of Cartilage Contact 

There was no noticeable difference in the location of the centroid of cartilage contact for 

the five dynamic activities (Figure 4.2). Except for the standing activity, contact occurred 

in the same region. Combining the average data for all six activities, the anterior-posterior 

range of motion for the TF joint on the medial plateau was larger than on the lateral 

plateau (13.9 mm compared to 10.3 mm, respectively). The TF contact centroid had little 

medial-lateral movement on the femoral condyles, with all activities falling into a single 

line that ran along the middle of the lateral femoral condyle and the lateral side of the 

medial femoral condyle. Movement of the PF contact centroid mostly occurred in the 

superior-inferior direction on the patella and the femur. The centroid was located on the 

lateral patellar facet, just lateral to the patellar ridge. Lateral motion of the contact 

centroid was seen on both the femur and the patella during deep flexion in the open-chain 

flexion activity. 
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Figure 4.2: Centroid of Cartilage Contact. The tibiofemoral joint is on the top row, separate medial and 
lateral contact centroids are shown. The patellofemoral joint is on the bottom row, a single contact centroid 
is shown. For the four gait activities, the solid line indicates stance phase and the dotted line indicates swing 
phase. For open-chain flexion, the solid line indicates the flexion phase and the dotted line indicates the 
extension phase. The standing activity is indicated with a black diamond. Centroids are the average of all 
participants. Bone models are from the participant with closest to the average epicondylar width. 

4.3.3 Cartilage Contact and Thickness 

In the two-way ANOVA (Table 4.1), contacting regions of cartilage were significantly 

thicker than non-contacting regions of cartilage in the medial and lateral tibia, the patella, 

and the patella contacting region of the femur, but not the tibia contacting region of the 

femur (medial or lateral). The largest difference in thickness between contacting and non-

contacting cartilage occurred in the patella, where regions of cartilage that came into 

contact during an activity were 2.0 mm thicker than regions of cartilage that did not come 

into contact. This was approximately double the difference in thickness seen in the tibia 

(0.9 and 1.0 mm for the medial and lateral tibia, respectively), which in turn was 
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approximately double the difference seen in the patella contacting region of the femur 

(0.4 mm). Activity performed was only a main effect for the patella. Tukey’s post hoc 

tests revealed two pairs of activities significantly differed at the patella: a) contacting 

cartilage in open-chain knee flexion was 0.5 mm thicker than contacting cartilage in level 

walking, and b) contacting cartilage in open-chain knee flexion was 0.5 mm thicker than 

contacting cartilage in downhill walking. There were no interaction effects. 

Table 4.1: Two-way ANOVA Results for Cartilage Contact and Activity Performed. Each column 
represents a separate ANOVA result. Each row represents an individual variable. The ‘—’ symbol indicates 
that a main effect was not found (i.e., p > 0.05). Where main effects were found for cartilage contact (top 
row), the direction of the difference is indicated (e.g., “CC > nCC” indicates that contacting cartilage is 
thicker than non-contacting cartilage), and the magnitude of the difference in mm is indicated in 
parentheses. Where main effects were found for activity performed (bottom row), the individual activity 
pairings found to be different using a Tukey’s post hoc tests are indicated using the following symbols: 
LW, level walk; DW, downhill walk; SD, stair descent; SA, stair ascent; OF, open-chain flexion. There 
were no interaction effects. 

 Tibiofemoral  Patellofemoral 
 Medial  Lateral   
 Tibia Femur  Tibia Femur  Patella Femur 

Cartilage 
Contact CC > nCC (0.9) — 

 
CC > nCC (1.0) — 

 
CC > nCC (2.0) CC > nCC (0.4)   

Activity 
Performed — — 

 
— — 

 
OF > LW (0.5) 
OF > DW (0.5) — 

    

 

Table 4.2: Depth of Contact to Cartilage Thickness Correlations. Spearman’s rank correlation coefficients 
between the measured depth of cartilage contact throughout an entire activity and cartilage thickness. Only 
segments of cartilage that came into contact were included in the correlation. Done independently for each 
of the six contact regions (columns) and five dynamic activities (rows). Bottom row shows the average of 
all activities for that column. 

  Tibiofemoral   Patellofemoral 
 Medial   Lateral   

  Tibia Femur   Tibia Femur   Patella Femur 
Level Walking 0.46 0.17   0.58 0.11   0.57 0.38 

Downhill Walking 0.56 0.32  0.56 0.41  0.65 0.55 

Stair Descent 0.63 0.33  0.60 0.53  0.71 0.62 

Stair Ascent 0.59 0.38  0.60 0.52  0.70 0.62 

Open-chain Flexion 0.52 0.33   0.41 0.48   0.63 0.26 

Average 0.55 0.31   0.55 0.41   0.66 0.49 

 

Rank correlation strength varied between the six regions of contact (Table 4.2). Averaged 

across all activities, cartilage thickness in the patella, medial tibial, and lateral tibial 

contact regions was correlated to amount of cartilage contact (r = 0.66, 0.55, and 0.55, 

respectively). Weak or non-existent correlations were found for the three contact regions 

of the femur (r < 0.5). Stair descent had the strongest correlation in five of the six contact 
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regions (all but the medial femur in the TF joint), and level walking had the weakest 

correlation in four of the six contact regions (all but the femur in the PF joint and the 

lateral tibia). 

4.3.4 Cartilage Contact Area 

The PF region of the femur had the largest area of cartilage contact in all five dynamic 

activities (16.4 to 19.6 cm2) (Table 4.3). Within each of the three pairs of contacting 

regions, the area of cartilage contact in the medial femur in the TF joint, lateral femur in 

the TF joint, and femur in the PF joint were significantly larger than that in the medial 

tibia, lateral tibia, and patella, respectively. The differences in area of cartilage contact 

between the five dynamic activities were small; however, the area of cartilage contact 

during the standing activity was noticeably smaller than that of the dynamic activities. 

Table 4.3: Area of Cartilage Contact. The area of cartilage contact for each contact region and activity. 
Means and standard deviations for the 10 individual participants are shown, as well as the p-values for the 
paired t-tests for each of the three pairs of contacting regions. Activities are identified as follows: LW, level 
walk; DW, downhill walk; SD, stair descent; SA, stair ascent; OF, open-chain flexion; ST, standing. 

  Tibiofemoral   Patellofemoral 

 Medial   Lateral   
 Contact Area (cm2) P  Contact Area (cm2) P  Contact Area (cm2) P 

  Tibia Femur    Tibia Femur    Patella Femur  

LW 8.4±1.1 12.0±1.5 <0.001  8.1±2.2 10.6±2.2 <0.001  10.1±1.7 16.4±2.1 <0.001 

DW 7.7±1.0 11.2±1.3 <0.001  7.0±1.9 9.5±1.9 <0.001  10.1±1.7 17.3±2.0 <0.001 

SD 7.7±0.8 11.7±1.6 <0.001  7.3±1.5 10.6±1.9 <0.001  10.3±1.7 19.6±1.9 <0.001 

SA 7.9±1.0 10.9±1.1 <0.001  7.1±1.5 9.8±2.1 <0.001  10.2±1.7 17.8±2.1 <0.001 

OF 7.7±1.9 11.7±1.6 <0.001  6.0±1.9 10.0±2.5 <0.001  9.3±1.9 19.5±3.0 <0.001 

ST 6.1±2.2 5.4±2.1 <0.001   5.2±2.0 4.7±1.7 0.001   1.4±0.8 1.5±0.9 0.026 

 

4.4 Discussion 

Making use of accurate 12-DOF knee kinematics captured using a mobile biplane X-ray 

imaging system, the results presented in this study are the first of their kind to 

simultaneously measure the locations of PF and TF cartilage contact in healthy 

individuals during everyday activities. Using these data, we were also able to quantify the 

relationship between cartilage thickness and cartilage contact in the healthy knee. Based 

on these results we have accepted our hypothesis that the centroid of cartilage contact 

will occur on the lateral facet of the PF joint, and rejected our hypothesis that a positive 
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relationship will be found between cartilage thickness and amount of cartilage contact 

throughout the knee joint and that it will be strongest in level walking. 

There are limitations to this study that should be considered when analysing its results. 

The meniscus, which serves an important role in force transmission and stabilization 

within the TF joint (Walker and Erkman, 1975), was not accounted for in this study. Only 

cartilage-to-cartilage contact was considered in this analysis. In addition, cartilage 

geometry was assumed to be static, as opposed to an elastic material with geometry that 

adapts to external forces throughout a day or activity. When measuring changes in TF 

cartilage that occur over the course of a day, Waterton et al. (2000) found no changes in 

the total volume of cartilage and the changes in thickness ranged between -0.6 to +0.5 

mm from morning to evening. In the current study this would amount to an approximate 

change of 25% of total cartilage thickness in thinner regions of cartilage and 10% of total 

cartilage thickness in thicker regions of cartilage. 

The patterns of cartilage contact presented in the results above compare favourably to 

previous studies. In an experimental study of 12 healthy individuals doing a step-up 

exercise, Suzuki et al. (2012) located the centroid of cartilage contact slightly lateral to 

the patellar ridge on the patella and slightly lateral to the center of the trochlear groove 

on the femur. Zavatsky et al. (2004) found the center of force application to be just lateral 

to the patellar ridge on the patella in a study of 12 cadaver knees performing a simulated 

knee extension. Likewise, this study located the centroid of cartilage contact in the same 

region identified by Suzuki et al. (2012) and Zavatsky et al. (2004) for all six activities. 

This consistency in the centroid’s placement on both the patella and the femur, regardless 

of the activity being performed, leads to the conclusion that the region of cartilage contact 

is determined by the geometry of the joint and not by active muscle forces that vary with 

activity. In addition, the centroid’s location on the lateral portion of both the patella and 

femur for the entirety of all six activities suggests that the majority of force transferred 

through the PF joint is transmitted through the lateral facet. 

In the TF joint, Li et al. (2005) measured the center of cartilage-to-cartilage contact for 

six healthy individuals during weightbearing knee flexion (i.e., a lunge), and found the 

contact point to lie in the central third of the lateral femoral condyle, the lateral third of 

the medial femoral condyle, close to the tibial tuberosity on the medial tibial plateau, and 

to translate in the anterior-posterior direction along the central portion of the lateral tibial 
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plateau. The TF centers of cartilage contact on the femoral condyles found in this study 

are in close agreement with those measured by Li et al. (2005), not only for open-chain 

knee flexion, but for all activities. The point of cartilage contact had little variance 

between activities on the femoral condyles, indicating that it may be purely a function of 

TF flexion angle. Conversely, the motion of cartilage contact observed on the tibial 

plateaus by Li et al. (2005) was not repeated in this study. In these results the center of 

TF contact on the lateral tibial plateau remained relatively stationary throughout each of 

the activities, while it translated in the anterior-posterior direction on the medial plateau. 

These findings are in agreement with those measured by Liu et al. (2010) in eight healthy 

individuals during the stance phase of level treadmill walking. These differences are 

possibly due to methodology, where the measurements taken in this study and by Liu et 

al. (2010) were done on dynamic movements, those taken by Li et al. (2005) were done 

on individuals performing a quasi-static lunge. Greater translation of the contact point on 

the medial tibial plateau is likely due to the geometry of the tibial plateau, the medial 

tibial plateau is concave while the lateral tibial plateau is flat or convex (Figure 4.3) 

(Hashemi et al., 2008). 

 
Figure 4.3: Motion of Contact Point on Convex and Concave Surfaces. A visual demonstration of the 
difference in translation of the contact point between a circle and a convex or concave curve given the same 
translation in the center of the circle. In the above illustration the radius of the circles (solid and dotted blue 
lines) are the same. The dotted orange arrow represents the translation of the center of the circle and is the 
same in both the convex and concave scenario. The green dotted arrow represents the translation of the 
contact point between the circle and the curve and is greater when the circle is translating on a concave 
curve. 

The relationship between cartilage thickness and cartilage contact found in this study was 

more complex than hypothesised, but consistent in both methodologies used to assess it 

(Table 4.1 and Table 4.2). The largest difference in thickness between contacting and 

non-contacting regions of cartilage and the strongest correlation between amount of 

cartilage contact over an activity and cartilage thickness were both in the patella, followed 

Convex Surface Concave Surface
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by the tibial plateaus, the femoral cartilage involved in the PF joint, and the femoral 

cartilage involved in the TF joint. Leading to the conclusion that, in the activities 

investigated in this study, a clear positive relationship between cartilage thickness and 

contact exists in the patella and tibia, with no relationship or a more limited relationship 

in the femur. These results are consistent with those reported by Liu et al. (2010), where 

greater cartilage deformation occurs in thicker cartilage on the medial and lateral tibial 

plateaus, but not with Scanlan et al. (2013) and Koo et al. (2011) who concluded that 

cartilage contact occurred in regions of thicker cartilage for the medial femoral condyle 

but not the lateral femoral condyle. However, their conclusions were based solely on heel-

strike, while the data presented in this study examines the entirety of several activities. 

Cartilage developing in areas of greater contact across all regions of the knee joint is too 

simplistic of a rule to explain the results presented here. If this rule were uniformly true 

it would hold for the femur, not just the patella and tibia, and the strongest correlations 

would be for level walking, as this is the most common of the gait activities tested. 

However, it is notable that in each pair of contacting regions, one side of the pair exhibits 

a positive relationship between cartilage thickness and contact (i.e., the medial and lateral 

tibial plateaus and the patella), and one exhibits a weak or non-existent relationship (i.e., 

the medial and lateral femoral condyles in the TF joint and the femur in the PF joint). In 

each of these pairs the contacting region that has a positive relationship between cartilage 

thickness and contact is the smaller region by surface area (Table 4.3). While additional 

experiments are needed to test this hypothesis, it is a possible explanation for why the 

relationship between cartilage thickness and contact varies across the knee. 

In conclusion, this study is the first of its kind to quantify the cartilage contact patterns of 

both the PF and TF joints during multiple everyday activities in the healthy knee. Its data 

shows the locations of the cartilage contact centroids and how they move throughout six 

activities and quantifies the relationship between cartilage thickness and cartilage contact. 
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Chapter 5 Load Distribution in the 

Patellofemoral Joint 

This chapter is based on work that has not currently been published or submitted for 

publication. 

5.1 Introduction 

Patellar maltracking can increase the compressive stress between the patellar facets and 

trochlear ridge, causing anterior knee pain and ultimately leading to degenerative changes 

within the joint (Boden et al., 1997; Elahi et al., 2000). Many studies have investigated 

the interactions between the internal and external forces acting at the TF joint, for 

example, how the external knee adduction moment (EKAM) induces a contact force in 

the medial compartment of the TF joint (Schipplein and Andriacchi, 1991; Zhao et al., 

2007). Less is known about the forces acting at the PF joint, like how the knee-crossing 

muscles act to distribute load across the medial and lateral facets of the patella. This is an 

important knowledge gap given the frequency of PF pain in the general population, 

especially those who are active (Rothermich et al., 2015), and the causative link between 

mechanical loading and progression of knee joint osteoarthritis (Carter et al., 2004). 

Experiments on intact cadaver knees have been performed to evaluate the contact 

pressures present at the PF joint under simulated muscle loading (Hsieh et al., 1998; 

Huberti and Hayes, 1984; Kumagai et al., 2002; Lee et al., 2003; Li et al., 2004; Mizuno 

et al., 2001). Computational models have also been used to calculate the forces 

transmitted by the PF joint during daily activities such as walking (Halonen et al., 2016; 

Hu et al., 2018; van Rossom et al., 2018). Very few studies have estimated the forces 

acting in the medial and lateral compartments of the PF joint (Elias et al., 2004; Hirokawa, 

1991). Using intact cadaver knees and three-dimensional models of the PF joint in 

isolation, these authors found the force acting on the lateral patellar facet to be higher 

than that on the medial facet when a quadriceps force was applied.  Using a full-body 

musculoskeletal model in conjunction with finite element analysis, Akbarshahi et al. 

(2014) also found higher loads transmitted by the lateral patellar facet during stair ascent. 
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A higher force acting on the lateral patellar facet can also be anticipated by considering 

the geometry of the PF joint, as bones grow and adapt to accommodate the external forces 

applied to them (Robling, 2009). Using the Wiberg patella classification system, 

Tecklenburg et al. (2006) reported that 90% of all patellae have a larger lateral facet. In 

an anatomical study of 92 patellae, Baldwin and House (2005) similarly found that the 

lateral patellar facet is 25% wider than the medial facet. Yoshioka et al. (1987) observed 

in 32 femurs that the average anterior projection of the lateral femoral condyle is 7 mm 

larger than that of the medial femoral condyle. A larger lateral patellar facet is presumably 

the result of a higher lateral PF contact force generated during daily activities like 

walking. 

Loading of the PF joint may be explained by the interactions between the muscles and 

bones which meet at the knee. Experiments on intact cadavers have shown that hamstring 

muscle force can increase the pressure between the patella and trochlear groove by 

increasing posterior translation and external rotation of the tibia relative to the femur (Li 

et al., 2004). In a series of experiments performed on intact cadaver knees, Li et al. (2004) 

found that an isolated quadriceps force applied to extend the knee produced anterior 

translation and internal rotation of the tibia relative to the femur, whereas the addition of 

an antagonistic hamstring force increased posterior translation and external rotation of 

the tibia. Posterior tibial translation can increase the angle between the quadriceps tendon 

and patellar tendon, requiring a higher compressive force to equilibrate the patella, while 

external tibial rotation can increase lateral patellar tilt and compress the lateral patellar 

facet into the femur. Thus, the combination of posterior tibial translation and external 

tibial rotation can increase the force transmitted to the patella during TF flexion. 

The medial-lateral distribution of PF contact force may also be influenced by the EKAM. 

Increased EKAM, which is correlated with increased medial TF loading (Zhao et al., 

2007) and TF osteoarthritis (Baliunas et al., 2002), is primarily resisted by the quadriceps 

during early stance (Shelburne et al., 2006). However, little is known about how the 

individual quadriceps muscles respond to increased EKAM. Is vastus lateralis force 

increasing to counteract the EKAM? It is the largest quadriceps muscle by volume, 

located in the lateral portion of the anterior thigh, and active in early stance phase when 

EKAM peaks (O’Brien et al., 2010; Pal et al., 2011). The relationship between vastus 

lateralis and vastus medialis usage has been show to affect PF kinematics in cadavers 
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(Goh et al., 1995) and individuals with PF pain (Pal et al., 2011), suggesting that increased 

use of the vastus lateralis to counteract the EKAM would result in altered knee mechanics. 

The primary goal of the present study was to describe and explain the load distribution 

across the medial and lateral facets of the patella in normal walking. The secondary goals 

were to determine the extent to which the hamstrings contribute to the load transmitted to 

the patellar facets, and if vastus lateralis force increases to resist the EKAM, also causing 

increases in lateral PF contact force. Based on the observed differences in geometry 

between the medial and lateral patellar facets, we expected the force acting on the lateral 

facet to be higher. We also hypothesized that the hamstring muscles would contribute to 

patellar contact force through the posterior force it transmits to the proximal tibia, and 

that vastus lateralis activation would increase in response to increasing EKAM, drawing 

the lateral facet of the patella into deeper contact with the femur. 

5.2 Methods 

5.2.1 Participants and Data Collection 

Six young healthy individuals of average build participated in this study (Table 5.1). 

These individuals were a subset of the cohort described in Chapter 3. Additionally, data 

collection procedures, while briefly summarized below, are described in detail in Chapter 

3. All participants had no history of knee pain and no previous knee surgery. 

Table 5.1: Participant Demographics. Height, mass, age, and sex of the individuals modelled in this study. 
Height (cm) Mass (kg) Age (yrs) Sex 

168 70.4 26.8 M 
179 77.8 32.8 M 
154 54.2 34.2 F 
187 73.5 26.1 M 
167 63.3 21.3 F 
171 66.8 20.3 F 

171 ± 10 67.7 ± 7.6 26.9 ± 5.2  

 

Each participant walked on level ground at their self-selected speed. Full-body motion, 

ground reaction forces, and 6-DOF kinematics of the TF and PF joints were measured 

simultaneously for one walking cycle. Full-body motion was measured using nine motion 

capture cameras, while ground reaction forces were recorded from three force plates. The 
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MoBiX imaging system was used to measure 6-DOF movements of the tibia and patella 

relative to the femur. Each participant also received a CT scan of their right knee for use 

in the kinematic processing of the biplane X-ray images. 

In addition, a fat-suppressed, proton-density-weighted turbo spin-echo (0.625 x 0.625 x 

3 mm) MR scan was taken of each participant’s right knee using a 3T scanner (Siemens, 

Munich, Germany). Articular cartilage lining the femoral condyles, tibial plateaus, and 

patellar facets were manually segmented with 3D Slicer (Pieper et al., 2006) to create 

subject-specific geometric models. 

5.2.2 Model Development 

A three-dimensional musculoskeletal model of the lower limbs was created in OpenSim 

3.3 (Delp et al., 2007) and scaled to each participant. The model consisted of 13 rigid 

segments with 32 degrees-of-freedom. The ipsilateral knee was comprised of 6-DOF TF 

and 6-DOF PF joints, whereas the contralateral knee was represented as a 1-DOF hinge 

joint. The pelvis articulated with the ground via a 6-DOF joint. The hip, ankle, and torso 

were represented as 3-DOF, 2-DOF, and 3-DOF joints, respectively. Eighty muscle-

tendon units actuated the skeleton using a muscle-tendon model available in OpenSim 

(Millard et al., 2013). Twelve Hunt-Crossley spheres (6 under each foot) were used to 

simulate foot-ground contact, with each foot-ground sphere containing normal, frictional, 

and damping forces. 

Contact forces transmitted by the medial and lateral compartments of the TF and PF joints 

were simulated using four elastic foundation models. The geometries of the contacting 

surfaces were based on participant-specific articular cartilage models segmented from 

MR images. The values of the elastic modulus, Poisson’s ratio, and dissipation constant 

were assumed to be 5 MPa, 0.45, and 8, respectively (Argatov, 2013; Hu et al., 2018; 

Lenhart et al., 2015). Uniform cartilage thickness was assumed within each elastic 

foundation model and was based on average thicknesses calculated from the MR scans. 

Average cartilage thickness was separately calculated for each participant for each of the 

four elastic foundation models. 

The geometries of the knee ligaments and patellar tendon were modelled using 13 

nonlinear-elastic bundles (Shelburne et al., 2004). The ACL and PCL were each 
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represented by an anterior and a posterior bundle. The MCL was represented by a 

superficial layer comprised of 3 bundles and a deep layer comprised of 2 bundles. The 

LCL was represented as a single bundle. The patellar tendon (PT) was represented by 

medial, lateral, and central bundles. Ligament stiffnesses, reference strains, and force-

length curves are given in Table 5.2. Attachment sites were manually identified on the 

geometric bone models segmented from each participant’s CT scan. 

Table 5.2: Model Ligament Properties. Properties used to create the 13 nonlinear-elastic bundles that 
modelled the anterior cruciate ligament, posterior cruciate ligament, medial collateral ligament, lateral 
collateral ligament, and patellar tendon. 

 PCSA Force Reference Length 
aACL 3600 0.040 
pACL 4000 0.020 
aPCL 3600 -0.150 
pPCL 1900 0.030 

aMCL 2500 0.020 
iMCL 3000 0.040 
pMCL 2500 0.020 

aDMCL 2000 -0.080 
pDMCL 4500 0.030 

LCL 3000 0.040 
mPT 6000 0.001 
cPT 6000 0.008 
lPT 6000 0.001 

 

5.2.3 Model Evaluation 

Model simulation results when 100 N anterior-posterior shear forces and 5 Nm internal-

external rotation torques were applied to the tibia with the femur held fixed were 

compared to corresponding data obtained from experiments performed on intact 

cadaveric specimens (Gollehon et al., 1987). Model predictions of PF mechanics during 

simulated knee extension were also compared to the results of cadaver experiments 

reported by Zavatsky et al. (2004). In these simulations, a force was applied to the rectus 

femoris muscle to extend the knee slowly from 90° to 5° over 1 second. Only passive 

forces were applied by the vasti muscles in the model. 

5.2.4 Walking Simulation 

A dynamic optimization problem for walking was solved by modifying the data-tracking 

direct collocation framework described by Lin and Pandy (2017) and Lin et al. (2018) to 

include a PF joint. In this approach both the states (32 generalized coordinates, 32 
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generalized velocities, 80 muscle-fibre lengths, 80 muscle-fibre velocities, and 80 muscle 

activations) and controls (80 muscle excitations) were discretised into 70 nodes, and the 

dynamic equations of motion were converted into algebraic constraints and included in 

the cost function as defect errors. The weighting factor for the constraint defining the 

relationship between PF velocities and accelerations was set to zero, which allowed the 

quadriceps forces to change without producing large increases in the defect errors 

associated with the position of the patella. The relationships between the velocities and 

accelerations of the patella were accounted for through the patella’s attachment to the 

quadriceps tendon. In addition to the defect errors, the cost function included two other 

terms: a data-tracking constraint and a periodic constraint. For the data-tracking 

constraint, the optimizer minimized the differences between 13 model-predicted and 

measured states: the 6-DOF position of the pelvis, ipsilateral knee flexion angle, and 

magnitudes of the ground reaction forces. For the periodic constraint, all states and 

controls that were not tracked (377 in total) were required to be identical at the beginning 

and end of the gait cycle. The optimization problem was solved using the ‘fsolve’ 

nonlinear system solver in MATLAB (Mathworks, Natick, MA, USA). 

An initial guess for the dynamic optimization solution was developed through a three-

step procedure. First, an inverse kinematic problem was solved to minimize the 

differences between the positions of virtual markers in the model and reflective markers 

used in the motion capture experiments. Second, with all secondary ipsilateral knee DOFs 

locked, a computed muscle control (CMC) algorithm was used to calculate the muscle 

excitations needed to produce the kinematic trajectories calculated in Step 1. Ligament, 

joint contact, and foot-ground forces were not simulated in this step of the procedure. 

Third, with the ipsilateral knee flexion angle and hip angles prescribed and the PF joint 

free to move, a forward dynamics simulation was performed to determine the equilibrium 

positions of the PF joint consistent with the muscle excitations calculated from CMC. 

The resulting PF kinematics were then combined with the CMC solution and resampled 

into 70 nodes to create an initial guess for the dynamic optimization solution. 

5.2.5 Center of Contact 

For each participant, the centroids of TF and PF cartilage contact was found at each time 

point during the gait cycle for both the model-predicted and measured kinematics. Each 

participant’s cartilage models were converted into point clouds with a fine density 
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(average point spacing: 0.1 mm) and transformed into the positions dictated by the model-

predicted or measured kinematics. Overlapping points between the two sets of point 

clouds defined the contact volume. The centroid of the contact volume was mapped to 

the closest point on the bone models. Further detail on this procedure was given in 

Chapter 4. 

5.2.6 Post-Simulation Analysis 

For each participant, RMSE were calculated between the model-predicted and measured 

TF and PF kinematics, full body kinematics, ground reaction forces, and contact centroid 

locations. A Pearson’s correlation coefficient (R) was computed between the model-

predicted PF contact force and the posterior component of the combined hamstrings force 

in the tibial reference frame. Individual data points from all participants were used for 

this analysis (70 nodes × 6 participants = 420 datapoints). Finally, Pearson’s correlation 

coefficients were found between each pair of the following four parameters during stance 

phase: EKAM, ratio of medial TF contact force to total TF contact force, ratio of lateral 

PF contact force to total PF contact force, and ratio of vastus lateralis force to the sum of 

vastus lateralis and medialis forces. 

5.3 Results 

5.3.1 Patellar Facet Size 

The average width and area of the posterior surface of the patella was 41.7 ± 4.4 mm and 

1130.1 ± 184.4 mm2, respectively. The lateral patellar facet was both wider (26.1 ± 1.3 

mm to 15.6 ± 2.5 mm) and had a larger surface area (672.1 ± 111.3 mm2 to 458.0 ± 80.2 

mm2) than the medial facet. 

5.3.2 Model Evaluation with Cadaver Experiments 

Model-predicted anterior-posterior translation and internal-external rotation of the tibia 

relative to the femur for simulated anterior-posterior drawer and axial rotation were 

within one standard deviation of the in vitro measurements at most TF flexion angles 

(Figure 5.1). Anterior-posterior laxity near full extension was lower in the model than in 

the native knee. Model-predicted PF mechanics for knee extension were also within one 

standard deviation of results obtained from cadaver experiments, except for lateral 
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patellar rotation and lateral patellar tilt between full extension and 20° of TF flexion, 

where the patella was more medially rotated and titled in the model compared to 

experiment (Figure 5.2A). The ratio of PF contact force to input quadriceps force was of 

a similar shape and visually consistent with direct measurements reported for the full 

range of TF flexion (Figure 5.2B). 

 
Figure 5.1: Passive Ligament Testing. The average passive knee behavior of all six models (blue) at fixed 
knee flexion angles. 100 N force applied for anterior-posterior drawer tests. 5 Nm torque applied for 
internal-external rotation tests. Compared to cadaver data (n = 16) reported by Gollehon et al. (1987) (red). 
Shaded regions indicate one standard deviation. 

 
Figure 5.2: Evaluation of Modelled Patellofemoral Joint. Comparisons of model predictions of PF joint 
kinematics and mechanics to experimental data from cadaver measurements. Panel A shows the PF flexion, 
lateral rotation, lateral tilt, and contact force of a single model (blue) during a knee extension exercise, 
given a prescribed rectus femoris force and knee flexion angle. Compared to cadaver data (n = 12) reported 
by Zavatsky et al. (2004) (red). Panel B shows a comparison of the model-predictions and experiment for 
the ratio of total PF contact force to total quadriceps muscle force. Green line shows a third-order 
polynomial fit to all model-predicted datapoints for the six walking trails. Blue line shows the result from 
the knee extension test performed on a single model. Red dots show cadaver measurements summarized 
by Mason et al. (2008). 
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Figure 5.3: Comparison of Model and Experimental Results. Comparison of model-predicted (blue) and 
experimental (red) kinematics of the patellofemoral and tibiofemoral joints. Solid and dotted lines indicated 
stance and swing phase, respectively. First and second columns show a comparison of the 12-DOF 
kinematics. Root Mean Square Errors (RMSE) and Pearson’s correlation coefficients (R) are in the bottom 
left corner of each axes (R in square brackets). Shaded area is one standard deviation. Third column plots 
the mean centroid of cartilage overlap. One centroid is shown for the patellofemoral joint, separate medial 
and lateral centroids are shown for the tibiofemoral joint. Bone models shown are for reference only and 
are from the subject closest to the average epicondylar width. 

 

 

 



CHAPTER 5: CONTACT FORCE MODELLING 

 65 

Table 5.3: Model-predictions Compared to Motion Capture. Average root-mean square errors (RMSE) 
between model-predicted and experimentally measured full body motion and ground reaction force 
parameters. Asterisk indicates that a parameter was tracked as part of the cost function. The RMSE for right 
knee angle reported here is different than that given in Figure 5.3 due to minor differences in the knee 
flexion angle as measured by the motion capture cameras and the mobile biplane fluoroscopy system. 
Rotations in deg, translations in mm, forces in N. 

    RMSE 

    Right Left 
Pe

lv
is 

Tilt 0.002 ± 0.001* — 

List 0.002 ± 0.001* — 

Rotation 0.001 ± 0.001* — 

Anterior 0.016 ± 0.005* — 

Superior 2.200 ± 0.807* — 

Medial 0.140 ± 0.030* — 

Lo
w

er
 L

im
b 

Hip Flexion 0.041 ± 0.018 0.400 ± 0.070 

Hip Adduction 0.030 ± 0.015 0.667 ± 0.075 

Hip Rotation 0.018 ± 0.006 0.215 ± 0.076 

Knee Angle 0.003 ± 0.002* 0.837 ± 0.100 

Ankle Angle 0.051 ± 0.033 0.219 ± 0.061 

Subtalar Angle 0.051 ± 0.031 0.313 ± 0.87 

G
ro

un
d 

R
ea

ct
io

n 
Fo

rc
e 

Anterior 48.40 ± 4.67* 41.70 ± 11.67* 

Superior 66.45 ± 13.05* 62.82 ± 12.51* 

Medial 12.71 ± 4.50* 12.21 ± 4.19* 

 

5.3.3 Model Validation with Gait Experiments 

Model-predicted full body kinematics and ground reaction forces were within 0.85°, 2.5 

mm, or 70 N of measured values (Table 5.3). Model-predicted knee kinematics for 

walking were generally within one standard deviation of the experiment data, except for 

external tibial rotation and joint distraction (Figure 5.3). The tibia was more externally 

rotated and distracted in the model compared to experiment, with excessive external tibial 

rotation resulting in increased medial patellar tilt in the model. Model-predicted TF 

flexion, external tibial rotation, and lateral tibial shift showed strong correlations with 

measured kinematics (R > 0.7), indicating that the there was good agreement in the shape 

of these curves. RMS errors, which measure the absolute difference between the model-

predicted and measured kinematics, were < 5 mm for translations and < 6° for flexion 

and abduction. External rotation was associated with the largest RMS error (9.5°), 

indicating an offset between the predicted and measured curves. Model-predicted patellar 
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flexion, anterior patellar translation, and superior patellar translation were each nearly 

perfectly correlated to the corresponding kinematic measurements (R ≈ 1), while RMS 

errors were < 6° for rotations and < 5 mm for lateral shift and anterior translation. The 

centroids of cartilage contact predicted by the model were in good agreement with 

measurements obtained at both joints, with all RMS errors ≤ 6 mm (Figure 5.3, third 

column). In the model and experiment, the centroid of PF joint contact was on the lateral 

facet throughout the gait cycle, with the calculated centroids lying closer to the central 

vertical ridge. Overall, the calculated locations of PF and TF joint contact agreed more 

closely with experiment during stance than swing. Model-predicted locations of joint 

contact for the medial TF compartment were more consistent with experiment than those 

calculated for the lateral TF compartment. 

 
Figure 5.4: Model-Predicted Active Muscle Forces. Model-predicted active muscle forces (blue) plotted 
over one gait cycle of overground walking. Shaded area shows one standard deviation. EMG data (red) 
shows one standard deviation of individual muscle activations measured in eight separate subjects during 
overground walking from the literature (Dorn, 2011). No EMG data for the vastus intermedius. 

The sequence and timing of model-predicted active muscle forces were consistent with 

that measured for young healthy people walking at their self-selected speed (Figure 5.4). 

In both model and experiment the vastus medialis, vastus lateralis, and hamstrings co-

contracted during early stance and the ankle plantarflexors (soleus and gastrocnemius) 

were activated in late stance. Differences between model and experiment were also 

evident. Vastus medialis and lateralis were turned off during late stance and early swing 

in the model whereas moderate levels of EMG activity are observed in vivo. In addition, 
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muscle EMG measurements indicate that the rectus femoris is activated throughout the 

gait cycle whereas this muscle was turned off during early stance and late swing in the 

model. 

5.3.4 Model-Predicted Joint Contact Force 

The total TF contact force peaked twice during stance, with the magnitudes of the first 

and second peaks calculated to be 3.1- and 2.9-times bodyweight (BW), respectively 

(Figure 5.5). Total PF contact force also showed two peaks: the first peak occurred during 

early stance and its magnitude was 0.56 BW while the second peak was slightly higher 

(0.58 BW) and occurred during swing (Figure 5.5). The standard deviation in the 

magnitude of the first peak was twice as large as that for the second peak. 

 
Figure 5.5: Model-Predicted Joint Contact Forces. Tibiofemoral and patellofemoral joint contact forces 
plotted over one gait cycle of level walking for all six participants in this study. Colours indicate medial 
(green), lateral (red), and total (blue) joint contact forces. Shaded area shows one standard deviation. 

Peak forces in the medial TF compartment were greater than those in the lateral TF 

compartment, 1.6 BW to 1.4 BW in early stance and 1.7 BW to 1.2 BW in late stance. 

The force acting on the lateral patellar facet was much higher than that acting on the 

medial facet. Medial PF contact force was almost zero for much of the stance phase and 

peaked at 0.15 BW during swing. Lateral PF contact force peaked first during early stance 

(0.54 BW) and then again in swing (0.51 BW). 

5.3.5 Contribution of Hamstring Muscles 

The posterior component of the hamstrings force was linearly correlated to total PF joint 

contact force (R = 0.61) (Figure 5.6). The relationship was positive, meaning an increase 

in posterior hamstrings force was associated with an increase in total PF joint contact 

force. 
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Figure 5.6: Posterior Hamstrings Force to Patellofemoral Contact Force. The posterior component (in the 
tibial reference frame) of the total hamstrings force plotted against the total patellofemoral contact force. 
Individual data points plotted for each of the six participants. Linear trendline fit using the ‘polyfit’ function 
in MATLAB. 

 

5.3.6 External Knee Adduction Moment 

EKAM showed a moderate to strong correlation (R = 0.63) to the ratio of medial to total 

TF contact force (Figure 5.7). No other strong correlations were found between EKAM, 

TF force, PF force, and vastus lateralis force (R ≤ 0.37 for all). 

 
Figure 5.7: Correlations to the External Knee Adduction Moment. Scatterplots and Pearson’s correlation 
coefficients (R) between the external knee adduction moment (EKAM), ratio of medial tibiofemoral contact 
force to total tibiofemoral contact force (Medial TF / Total TF), ratio of lateral patellofemoral contact force 
to total patellofemoral contact force (Lateral PF / Total PF), and ratio of vastus lateralis force to the sum of 
vastus medialis and vastus lateralis force (VL / (VL + VM)). Linear trendline found using MATLAB’s 
‘polyfit’ function. 
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5.4 Discussion 

We used a 12-DOF model of the knee-joint complex (6-DOF for each of the TF and PF 

joints) embedded in a full-body musculoskeletal model to determine load distribution at 

the PF joint for one cycle of normal walking. We tested three hypotheses. First, that the 

force transmitted to the lateral patellar facet would be larger than the force transmitted to 

the medial patellar facet; which we have accepted based on the findings of this study. 

Second, that the posterior pull of the hamstrings on the proximal tibia will contribute to 

the contact force produced in the PF joint; which we have accepted based on the findings 

of this study. Third, that vastus lateralis force will increase in response to increasing 

EKAM, drawing the lateral facet of the patella into deeper contact with the femur; which 

we have rejected based on the findings of this study. 

Model-predicted contact forces at the TF and PF joints were validated against in vivo 

measurements of 12-DOF TF and PF joint kinematics measured for healthy individuals 

during walking. Model-predicted TF abduction-adduction, TF medial-lateral shift, PF 

flexion-extension, PF medial-lateral rotation, PF anterior-posterior translation, and PF 

superior-inferior translation were within one standard deviation of biplane X-ray imaging 

measurements (Figure 5.3). The model accurately predicted rapid superior translation of 

the patella just prior to heel-strike, which Gray et al. (2019) noted as a characteristic 

kinematic feature of normal walking. However, TF internal-external rotation, TF anterior-

posterior drawer, and PF medial-lateral shift did not compare as well, which may be due 

to inaccuracies in the stiffness characteristics of the knee ligaments assumed in the model 

and/or structures present in the real knee that were not represented in the model. For 

example, lateral shift of the patella predicted during early stance may be restrained by the 

action of the medial patellar retinaculum, which was not modelled in this study. In 

addition, Lenhart et al. (2015) found that TF internal-external rotation and anterior-

posterior drawer were sensitive to the ligament properties assumed in their knee model, 

which may explain some of the differences between model and experiment observed here. 

Despite these discrepancies the predicted centroid of cartilage contact was consistent with 

measurements obtained from biplane X-ray imaging and MRI (Figure 5.3). 

Overall, there is general agreement between our calculations of TF and PF joint loading 

and results reported previously by others. The shape and magnitude of the total TF contact 
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force were consistent with the findings of previous modelling and experimental studies 

(Figure 5.8). Sritharan et al. (2012) found that the vasti and the gastrocnemius are the 

largest contributors to the TF contact force in early and late stance, respectively, which 

agrees with the muscle timing calculated in the present study (Figure 5.4). Consistent 

with previous PF models, our calculations show a peak in total PF contact force during 

early stance (Figure 5.8), when the vasti are active. However, not all previous model 

predictions show a peak in total PF contact force during swing, as we found here. This 

peak in the PF contact force during swing is due to the ratio of PF contact force to 

quadriceps force being greater when the knee is flexed (Thomeer et al., 2017), as it is 

during swing, meaning a small quadriceps force can cause a large contact force during 

swing. 

 
Figure 5.8: Comparison of Model-Predicted to Previously Reported Joint Loading. A comparison of the 
total joint contact forces predicted in this study (black) to previous studies. Tibiofemoral contact force is 
compared against: Shelburne et al. (2005), blue dashed line; Sritharan et al. (2012), red dotted line; and 
Fregly et al. (2012), green dashed line. Patellofemoral contact force is compared against: Hu et al. (2018), 
dashed blue line; Halonen et al. (2016), dotted red line; Chen et al. (2010), dashed green line; and Shelburne 
et al. (2005), solid blue line. 

However, the magnitude of our predicted total PF joint contact force was lower than that 

found in previous studies. The cause of this difference may be methodological: the medial 

and lateral PF retinacula were not simulated in this study, which, in combination, may act 

to compress the patella into the femur in vivo. Alternatively, PF contact force depends on 

quadriceps muscle force, which in turn depends on the moment arm of the quadriceps and 

the relative movements of the femur, tibia and patella. The dynamic optimization solution 

derived in the present study permitted all of these parameters to be determined 

simultaneously, allowing for a more accurate simulation of knee extensor biomechanics, 

as opposed to a two-step modelling approach where quadriceps muscle force is solved 

using a simplified knee model that does not allow for changes in PF kinematics (Halonen 

et al., 2016). Finally, we modelled the patellar tendon as a nonlinear-elastic element, as 
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opposed to an inextensible tendon (Hu et al., 2018; Shelburne et al., 2005), allowing for 

a more realistic simulation of the knee extension process. 

Our calculations indicate that most of the compressive load acting at the PF joint during 

gait is transmitted by the lateral patellar facet. Van Kampen and Huiskes (1990) reported 

that external rotation of the tibia increases lateral shift of the patella, and our model 

simulations resulted in a greater amount of external rotation than that found 

experimentally (Figure 5.3). However, it is not likely that our model’s increased tibial 

external rotation had a significant effect on the medial-lateral load distribution in the PF 

joint for two reasons: a) the majority of PF contact force was transmitted through the 

lateral patellar facet in all six of our models, including models where external rotation 

matched measured values, and b) the predicted and measured centroids of cartilage 

contact (Figure 5.3) were located in similar positions on the lateral patellar facet.  

Increased proportional use of the vastus lateralis compared to the vastus medialis was not 

found to be the cause of a higher force acting in the lateral patellar facet (Figure 5.7). PF 

contact force may be greater in the lateral compartment for geometric reasons. The lateral 

anterior femoral condyle and the lateral patellar facet are both larger than their medial 

counterparts (Baldwin and House, 2005; Tecklenburg et al., 2006; Yoshioka et al., 1987), 

giving the lateral PF joint more surface area to come into contact. The Q-angle is a 

measure approximating the angle between the lines-of-action of the quadriceps tendon 

and patellar tendon. A Q-angle of 0° indicates that the quadriceps tendon and patellar 

tendon are perfectly aligned with each other whereas a positive/negative Q-angle 

indicates that the net pull on the patella has a component in the lateral/medial direction 

(Smith et al., 2008). While Q-angles are not a robust clinical measure for diagnosing 

patellar disorders, they are consistently found to be positive, generally around 10 to 15° 

(Smith et al., 2008), as they were in this study (12.1 ± 1.2°). This suggests that the 

quadriceps muscles and patellar tendon combine to pull the patella laterally into the lateral 

ridge of the trochlear groove in the healthy knee. Likewise, our model findings show that 

the quadriceps muscles and the patellar tendon act in unison to pull the patella laterally 

during all phases of the gait cycle (Figure 5.9). Defrate et al. (2007) came to a similar 

conclusion in finding that the patellar tendon pulls the patella more laterally at small TF 

flexion angles, indicating that greater PF joint contact would occur on the lateral side 

when the knee is extended. This is consistent with our finding that medial PF contact 
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force is greater during swing, when the knee is more flexed, as opposed to stance, when 

it is more extended (Figure 5.5). 

 
Figure 5.9: Forces Acting on the Patella. Anterior-posterior, superior-inferior, and lateral-medial 
components of the quadriceps muscles (blue) and patellar tendon (red). Components are taken in the patellar 
coordinate system. Shaded grey area represents the summation of the quadriceps muscles and patellar 
tendon forces. 

While Sritharan et al. (2012) has shown that, collectively, the vasti resist the EKAM 

during early stance, our results show that, relative to the vastus medialis, vastus lateralis 

force does not increase to resist the EKAM. This leaves open the question of what, if any, 

impact the EKAM has on the relative activation of the individual vasti muscles. In this 

study the vastus lateralis was assumed to insert on the superior surface of the patella at a 

single point, whereas anatomically the vastus lateralis inserts on the patella over an area, 
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both through the quadriceps tendon and directly into the lateral patella. This simplifying 

assumption may have compromised the vastus lateralis’ ability to resist the EKAM in this 

study. Alternatively, as indicated in the results of this study, it is possible that the relative 

activation levels of the individual vasti are independent of EKAM. In other words, 

increasing EKAM does not favour increasing vastus lateralis activation over the other 

vasti, it causes all the vasti to uniformly increase in activation. 

 
Figure 5.10: EMG Tracking Model Solution. Overground walking solution for a single model with the 
activations of seven knee-crossing muscles being tracked from EMG data reported by Dorn (2011). The 
top row shows the simulated activations of the tracked muscles (solid line) and the EMG measured target 
muscle activations (dotted line). The bottom row shows the tibiofemoral and patellofemoral joint contact 
forces over the gait cycle. 

The quadriceps and hamstring muscles were contributors to the knee joint contact 

modelled in this study. In order to test the robustness of our findings against errors in 

model simulated muscle activation, an additional optimization problem was formulated 

and solved for a single model in which the cost function was modified to include a data-

tracking constraint for seven knee-crossing muscle activations: rectus femoris, vastus 

medialis, vastus intermedius, vastus lateralis, semimembranosus, biceps femoris long 

head, and gastrocnemius. These muscle activations were constrained to track the mean 

EMG measurements of eight healthy subjects walking at their self-selected speed (Dorn, 

2011). All other components of the cost function were the same as described previously. 
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The TF and PF joint contact force for this simulation exhibited the same patterns as seen 

when muscle activations were not tracked (Figure 5.10). Contact force for both joints 

contained two peaks: one in early stance, and one in late stance and early swing for the 

TF and PF joints, respectively. Almost all PF joint contact force was transmitted through 

the lateral patellar facet. 

There are limitations of the present analysis that should be considered when interpreting 

the results. The medial patellofemoral ligament, which is a stabilizer against PF lateral 

shift when the knee is extended (Amis et al., 2003), was not included in the model. 

Nonetheless, the model-predicted centroid of PF joint contact compared favourably with 

experiment (Figure 5.3). A second potential limitation was the way in which the 

quadriceps muscles were assumed to insert onto the patella. The quadriceps have 

complicated patellar insertion dynamics, with both the relative anterior-posterior 

alignment of the muscles forming the quadriceps tendon and the presence or absence of 

oblique heads of the vastus lateralis and vastus medialis varying considerably between 

individuals (Waligora et al., 2009). These variations were not accounted for in this study 

which may alter the effect of individual quadriceps muscles on the mechanics of the 

patella. Finally, the menisci, which play an important role in both the stability and load 

transmission of the TF joint, were not modelled in this study. 

In summary, this study represents the first solution for 12-DOF knee mechanics during 

walking to validate its results through direct comparison to experimental kinematics of 

the activity being performed. Its results show that: a) most PF contact force is transmitted 

by the lateral facet of the patella, a phenomenon likely driven by the geometry of the joint, 

b) the hamstring muscles are an important contributor to patellofemoral contact force, 

and c) increased EKAM does not result in increased vastus lateralis force and lateral PF 

contact force. 
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Chapter 6 Conclusion 

6.1 Introduction 

The main objective of this dissertation was to grow our understanding of the knee’s 

healthy function during daily activities. A specific focus was placed on including the PF 

joint in each of the studies performed, as this joint is often neglected in studies of the knee 

because of the complexity that the patella introduces in both experimental imaging and 

computational modelling of the knee. 

The motivation for this objective was twofold. First, healthy functioning of the knee is 

critical to overall musculoskeletal health. The knee is the largest joint in the human body 

(Palastanga et al., 2002) and undergoes significant loading during daily activities (Fregly 

et al., 2012). Its ability to lengthen and shorten the lower limb is important for performing 

most ambulatory activities (Palastanga et al., 2002). Second, the knee is a common site 

for musculoskeletal injury (Thiem et al., 2013). Osteoarthritis, ACL reconstructions, and 

PF pain are three examples of many disorders that affect the knee (Hung and Ahmed, 

2017; Mall et al., 2014; Rothermich et al., 2015). These disorders affect a large portion 

of the general population, both young and old, active and immobile, and each has a 

different and complex etiology, but improved treatment for each of them begins with an 

improved understanding of the healthy mechanics of the knee. 

To achieve this objective we captured experimental data on the movement of the knee 

joint as ten healthy participants performed six activities: level walking, downhill walking, 

stair descent, stair ascent, open-chain knee flexion, and standing. This data capture was 

made possible through the use of a novel knee imaging methodology, a mobile biplane 

X-ray imaging system (Guan et al., 2016a), which allowed for noninvasive measurement 

of the full three dimensional motion of the PF and TF joints while the above activities 

were performed. 

6.2 Summary of Research Questions and Findings 

The three sets of questions outlined in section 1.2 and answered in the body of this 

dissertation are briefly summarized here. 
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6.2.1 Healthy Patellofemoral Kinematics during Functional Activities 

This chapter detailed the experimental procedure that was used to capture the PF 

kinematic data for six activities, presented the 6-DOF motion of the PF during each 

activity, and analysed the extent to which each DOF was coupled to the TF flexion angle. 

What are the full three-dimensional kinematics of the patellofemoral joint during the 

performed activities? 

Kinematic data were presented in Figure 3.3 and Table 3.1. The most prominent rotational 

DOF was flexion-extension. The most prominent translational DOFs were anterior-

posterior and superior-inferior translation. Medial-lateral patellar shift displayed a similar 

pattern for all activities, with relatively little motion when the knee was flexed beyond 

20°, and a rapid lateral movement when the knee neared full extension. This pattern 

highlighted the importance of the trochlear groove on the distal femur, which acts to 

constrain the motion of the patella when the knee is flexed. The patella underwent 

superior patellar translation in the last 20% of all five dynamic activities tested, 

emphasizing the impact that the elasticity of the patellar tendon can have on PF 

kinematics. 

To what extent are each of the 6-degrees-of-freedom of the patellofemoral joint linked or 

coupled to the flexion-extension angle of the tibiofemoral joint? 

The degree of coupling between each PF DOF and TF flexion was given in Figure 3.3. 

Flexion-extension and anterior-posterior translation were almost perfectly coupled to TF 

flexion. While not as strong, medial-lateral shift and superior-inferior translation were 

both coupled to TF flexion. Medial-lateral rotation and medial-lateral tilt were not 

coupled to TF flexion, however, both had very small ranges of motion, indicating that 

there was not much motion for TF flexion to couple to. It was concluded that, based on 

the activities tested here, the PF joint can effectively be modelled as having 1-DOF. 

6.2.2 Cartilage Contact in the Knee and its Relationship to Thickness 

Using the PF kinematics presented in Chapter 3, as well as its associated TF kinematics, 

the location of cartilage contact during each activity was calculated, and the hypothesis 

that thicker regions of knee cartilage experience more contact was tested. 
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Where are the locations of cartilage contact in the full knee joint complex during the 

performed activities? 

The centroids of cartilage contact were presented in Figure 4.2. More anterior-posterior 

movement of the contact centroid occurred on the medial tibial plateau, compared to the 

lateral tibial plateau. On the femur TF contact occurred along the middle of the lateral 

femoral condyle and the lateral side of the medial femoral condyle. PF contact was 

concentrated on the lateral side of both the patella and the femur. The location of contact 

appeared to be determined by TF flexion angle, with little variation seen between 

activities. 

Do thicker regions of cartilage experience more joint contact than thinner regions of 

cartilage in the knee? Is there a correlation between cartilage thickness and contact? 

These results were presented in Table 4.1 and Table 4.2. A relationship was found 

between cartilage thickness and cartilage contact, but it was not consistent for every 

region of contact. In each pair of contacting regions within the knee, one side of the pair 

exhibited a positive relationship between cartilage thickness and contact (i.e., the medial 

and lateral tibial plateaus and the patella), and one exhibited a weak or non-existent 

relationship (i.e., the medial and lateral femoral condyles in the TF joint and the femur in 

the PF joint). Activity did not influence this relationship. 

6.2.3 Load Distribution in the Patellofemoral Joint 

This chapter detailed the creation of a musculoskeletal model with full 6-DOF PF and TF 

joints. It was used to determine the contact forces and kinematics of the healthy knee 

during level walking. 

What are the contact loads transmitted to the knee during level walking, and how are they 

transmitted through the medial and lateral facets of the patellofemoral and tibiofemoral 

joints? 

The contact loads during level walking were presented in Figure 5.5. The TF joint 

underwent two peaks in contact force that both occur during stance phase, both at 

approximately 3 BW. The majority of its load was transmitted on the medial side. The PF 

joint also underwent two peaks in contact force, one in early stance, and on in swing 
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phase, both peaked at approximately 0.55 BW. Almost all the PF contact force went 

through the lateral facet of the patella. 

Do the hamstrings contribute to the load transmitted to the patellar facets? 

The relationship between posterior hamstring force and patellar contact force was shown 

in Figure 5.6. The posterior component of hamstrings force showed a moderate 

correlation to PF contact force. This indicates that the hamstrings do contribute to the 

load transmitted to the patellar facets. 

How does the vastus lateralis muscle respond to an external knee adduction moment 

during walking, and does this response contribute to patellofemoral loading? 

The correlations done in answering this question were shown in Figure 5.7. While the 

ratio of medial TF contact force to total TF contact force was positively correlated to the 

EKAM, as shown in previous studies, no other correlations were found. These results 

indicate that the vastus lateralis does not increase in activation to oppose the EKAM. 

6.3 Future Work 

The experimental and modelling results presented in this dissertation can be improved 

and expanded upon in several ways, some examples of which are given here. 

Account for the menisci in the TF joint for both the cartilage contact (Chapter 4) and 

contact modelling (Chapter 5) studies. The primary purpose of the menisci is to increase 

the contact area between the round femoral condyles and the flatter tibial facets 

(Palastanga et al., 2002). While difficult to account for because of its mobility with 

respect to the knee bones (the menisci are not rigidly attached to the tibial plateaus), its 

inclusion would have an impact on both the cartilage contact regions that were calculated 

and the contact forces and kinematics of the knee that were modelled. 

Create a mathematic model of PF joint kinematics. Given the close grouping of the PF 

kinematics when plotted against TF flexion angle presented in Chapter 3, and the 

conclusion that the PF joint can be modelled as a 1-DOF system, the next step is to create 

a mathematical model that gives the 6-DOF kinematics of the healthy PF joint as a 

function of TF flexion angle. This would be a valuable contribution to computational 
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modelling studies that wish to account for the PF joint without dealing with the 

complexities that adding an additional 6 DOFs would cause. 

Include the medial patellofemoral ligament and a more anatomically accurate 

representation of the quadriceps muscle in the musculoskeletal model. The medial 

patellofemoral ligament is a stabilizer against lateral displacement of the patella at low 

TF flexion angles (Amis et al., 2003; Amis, 2007), one discrepancy in the validation of 

the model predicted kinematics was excessive lateral displacement of the patella at low 

TF flexion angles. An anatomically accurate representation of the quadriceps muscle’s 

attachment to the patella should include a vastus medialis obliquus and a vastus lateralis 

obliquus which can serve to pull the patella medially and laterally, respectively (Amis, 

2007; Waligora et al., 2009), the inclusion of these muscles may serve to better test the 

hypothesis that the vastus lateralis activates to resist the EKAM. 

Expand the methodology used to simulate level walking in Chapter 5 to simulate other 

activities. Increased PF pain is associated with ascending and descending stairs among 

people with knee disorders (Kujala et al., 1993; Thomee et al., 1999). In addition, van 

Rossom et al. (2018) found the average and maximum PF contact forces for ascending 

and descending stairs to be multiple times their magnitude for level walking. 

6.4 Closing Remarks 

This dissertation has expanded our knowledge of the mechanics of the healthy knee 

through both experimental and computational methodologies. It has focused on 

contributing results that include the PF joint and assess the knee during everyday 

activities, two areas where previous research was lacking. Its conclusions will prove vital 

in assisting with the diagnosis and treatment of many common knee disorders and will 

provide a useful source of information for future investigations into the knee 
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Appendix A   

An author-accepted version of the following published work is reproduced here: 

Gray, H.A., Guan, S., Thomeer, L.T., Schache, A.G., de Steiger, R., Pandy, M.G., 

2019. Three-dimensional motion of the knee-joint complex during normal walking 

revealed by mobile biplane x-ray imaging. J Orthop Res 37, 615-630. 
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Appendix B    

The following figures from Drake (2015) were used with permission from Elsevier: 

Figure 2.1, Figure 2.2, Figure 2.3, Figure 2.4, Figure 2.5, Figure 2.6, Figure 2.7, Figure 

2.8, Figure 2.9, and Figure 2.10. 
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