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Abstract 

Total knee arthroplasty has been effective in reducing pain, but less so in restoring function, 

especially for activities requiring deep knee flexion.  The philosophy of this dissertation was that 

more functionally effective and optimally designed artificial knees could be created for high 

flexion activities, if the knee joint kinematics and joint contact forces applied during finite 

element testing, knee simulator testing, and fatigue testing were more physiologically accurate.  

The objective of this work was to determine knee joint kinematics and contact forces that could 

be used in high flexion total knee replacement design and pre-clinical testing.  Knee kinematics 

were determined during high flexion activities for total knee replacement patients and 

asymptomatic subjects by tracking the motion of skin-mounted sensors.  In addition, a protocol 

was developed to determine the effect of soft tissue artefact on the accuracy of the skin-mounted 

sensor system in high flexion.  The ranges of motion determined for the studied activities can be 

used as a benchmark to measure the functional success of high flexion total knee replacements.  

Tibiofemoral joint contact forces were estimated during high flexion activities of daily living 

using a simple, non-invasive, inverse dynamics based model.  The accuracy of the joint contact 

force estimates was investigated by comparing the estimated forces to in vivo forces measured 

directly using implanted instrumented tibial components.  The comparison showed that the model 

underestimates the measured axial joint contact force, most likely because the model neglects 

antagonistic muscle co-contraction.  The measured and modeled joint contact forces and the 

measured knee kinematics could be used to form industry standards for knee simulator and 

fatigue testing to ensure that the implants are being tested physiologically.  Healthy target 

populations can be studied using the methods outlined in this thesis to define testing standards for 

target populations:  Kinematics can be determined as they were in this work for a group of 
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Middle Eastern subjects, and the non-invasive inverse dynamics based model (with some 

consideration for the underestimation of forces) could be used to determine the tibiofemoral joint 

contact forces that the implant might be subjected to during activities of daily living.   
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Chapter 1 

GENERAL INTRODUCTION 

1.1 Motivation 

In 2006-2007, over 35 000 total knee replacements were implanted in Canada.  In the decade 

between 1996/97 and 2006/07, the number of total knee replacements among patients 45 to 55 

years of age increased by 337%, which was the greatest increase of all age groups and exceeded 

the next largest increase by 77% (Canadian Institute for Health Information, 2009).  These values 

indicate that younger and more active patients are receiving total knee replacements.  These 

young, active patients are placing increasingly higher performance demands on their knee 

replacement components.  Many high demand activities, such as gardening, stretching, golf, 

exercising, yoga, prayer, and ground-level chores, require a high range of flexion (Mulholland 

and Wyss, 2001; Kurosaka et al., 2002).  There is a lack of fundamental knowledge regarding 

high flexion activities (Nagura et al., 2002), which makes it challenging to design total knee 

replacements that allow these types of activities to be performed.  This fundamental kinematic 

and kinetic knowledge is needed to determine benchmarks and standards for total knee 

replacements. 

Total knee arthroplasty has been shown to be highly effective in reducing pain, but not 

necessarily in restoring knee function.  Noble et al. (2005) found that four times as many 

asymptomatic control subjects could squat or kneel compared to patients who had recovered from 

total knee arthroplasty.   A survey of 176 total knee replacement recipients asked what activities 

were most important to patients in their daily lives, as well as what activities were most difficult 

to perform after total knee replacement surgery.  Stretching exercises (56% of respondents), 
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kneeling (52%), and gardening (50%) were indicated as the most important activities for these 

patients.  Respondents indicated that the most difficult activities to perform after total knee 

replacement were squatting (75%), kneeling (72%), and gardening (54%) (Weiss et al., 2002).  

Thus, many of the activities that are most important to patients are also the activities that they 

have difficulty with after total knee arthroplasty.  The inability to perform activities that are 

important to the patients negatively affects their quality of life. 

Two factors contribute to this inability to meet performance requirements during high 

demand activities.  Most total knee replacement testing standards are based only on gait 

kinematics.  While gait is certainly the most frequently performed activity for total knee 

replacement patients, other high demand activities must also be considered (Mulholland and 

Wyss, 2001; Kurosaka et al., 2002; Nagura et al., 2002).  In addition, force requirements for the 

design and testing of total knee replacement components are based on tibiofemoral joint contact 

force estimates, rather than on direct measurements (Heinlein et al., 2009).  Therefore, it is 

difficult to judge how accurately the values that are published in the test standards represent the 

actual forces applied to the joint surfaces of the knee. 

In order to design optimal and safe total knee replacements for high demand activities, 

several factors must be investigated.  Target knee kinematics must be determined for the desired 

activities; they can then be used for design and patient outcome evaluations.  Actual contact 

forces during these activities must also be determined.  The work in this dissertation provides 

tibiofemoral dynamics that can be used for finite element analysis and knee simulator tests, as 

well as in the development of standards for evaluating total knee replacement components 

(Heinlein et al., 2009; Kutzner et al., 2010).  In the future, the work in this thesis could contribute 

to improvements in quality of life for patients after total knee arthroplasty. 
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1.2 Background 

1.2.1 Tracking knee joint kinematics during high flexion activities  

Several modalities are available for tracking knee joint kinematics during high demand 

activities.  The methods can be grouped into invasive and non-invasive techniques.  The invasive 

techniques are separated into radiographic and surgical methods.  Some radiographic methods are 

based on the concept that the silhouette of an object in a radiographic image will be unique, based 

on its geometry and its position and orientation in the imaging space.  Shape matching software is 

used to match the shape of CAD models of bones, implant components, or beads to the silhouette 

of the bones, implant components, or beads in the image.  Radiographic methods include x-ray 

images, fluoroscopy, Roentgen stereophotogrammetric analysis, and magnetic resonance 

imaging.  Surgical motion tracking techniques involve the implantation of pins through the skin 

and into the bone.  Markers on these bone pins are then tracked using optoelectronic or 

electromagnetic techniques. 

Non-invasive techniques usually involve markers attached to the skin that are tracked either 

optoelectronically (usually based on infrared light), electromagnetically, or using video.  

Kinematic measurements at the knee joint using skin markers are susceptible to errors due to soft 

tissue artefact, which occurs when the skin and soft tissue under the marker move with respect to 

the underlying bone, especially during high range of motion activities.  The measurement of 

abduction/adduction and internal/external rotation at the knee are especially susceptible since the 

ranges of these rotations are small (Lafortune et al., 1992; Stagni et al., 2005).   The invasive 

techniques overcome this soft tissue artefact concern; however, the subject is exposed to 

increased risk, in the form of radiation dose, surgical injury, or infection. 
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1.2.2 Tibiofemoral joint contact forces 

Mathematical or theoretical tibiofemoral joint contact force modeling is challenging due to 

the complexity of the human knee joint.  The net forces and moments at the knee are the result of 

muscle activity, ligamentous constraints, and contact forces distributed over contact areas that 

vary with flexion.  The human knee is therefore an indeterminate system, with the unknown 

contributing forces outnumbering the available equations of motion.  Two methods have been 

used to address this problem:  reduction or optimization.  Reduction methods reduce the number 

of unknowns to the number of available equations by assuming that certain muscles do not 

contribute significantly to the contact force and/or by grouping muscles according to function or 

line of action (Komistek et al., 2005).  Optimization involves the use of optimization criteria in 

addition to using some reduction techniques.  The optimization criteria increase the number of 

available equations.  Many choices of optimization criteria exist, including: minimizing muscle 

forces, minimizing work done by the muscles, minimizing the sum of the stress in each muscle 

squared or cubed, minimizing the sum of the squares of muscle activations, or minimizing the 

sum of the three compressive contact forces: patellofemoral, lateral tibiofemoral, and medial 

tibiofemoral (Komistek et al., 2005; Challis, 1997; Kim et al., 2009; Lin et al., 2010).   

Recently developed instrumented artificial knees provide in vivo knee loading data and the 

potential to directly validate knee joint contact force models, which was not previously available.  

They consist of a regular, unmodified, femoral component and a specialized, instrumented tibial 

component.  The tibial component has an antenna in the stem that allows data to be transmitted 

from the tibia to a computer without requiring transcutaneous wires.  The instrumented tibia is 

powered by an induction coil that is wrapped around the outside of the patient’s leg (Heinlein et 

al., 2007; Kirking et al., 2006).  The use of an instrumented tibia to directly measure knee joint 
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contact forces is limited to a small sample size and has the potential for technical problems.  Data 

can become irretrievable if the device malfunctions (Komistek et al., 2005), and due to the high 

costs of device development, instrumented knees cannot be mass produced (Sharma et al., 2006).  

Researchers are therefore using these devices for validation and improvement of mathematical 

and theoretical models.  Mathematical modeling and direct measurement are being used in 

tandem to improve the accuracy of tibiofemoral joint contact force values used in design and 

testing of total knee replacement components, which will greatly increase patient quality of life 

after implantation by providing components which have been tested under more realistic 

conditions. 

1.3 Methodological rationale 

1.3.1 Electromagnetic tracking of knee joint kinematics 

For the work involving human subjects in this dissertation, the Fastrak electromagnetic 

tracking system (Polhemus, Colchester, VT, USA) was used.  This system uses one sensor (or 

“receiver”) on each segment being tracked.  Each sensor has its own origin and coordinate 

system.  The tracking system outputs the position of each sensor’s origin and the orientation of 

each sensor’s coordinate system. 

Hassan et al. (2007) determined that an electromagnetic tracking system could determine the 

three-dimensional joint rotations of a mechanical articulator just as accurately as an 

optoelectronic system.  By comparing rotations determined from each system to known rotations 

built into the design of the articulator, the limits of agreement showed that the optical system 

could be expected to differ from the known values by -5.62º to 1.15º, and the electromagnetic 

system could be expected to differ from the known values by -3.06º to 1.20º.  The advantage of 

this electromagnetic tracking system (in addition to being non-invasive) is that it does not require 
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a line of sight.  With optoelectronic and video systems, if a marker cannot be seen in the field of 

view of the camera, the position and orientation of that marker cannot be recorded.  During high 

flexion activities, such as kneeling, squatting, or sitting cross-legged, data would be lost when one 

segment crosses in front of the other, blocking the line of sight between the markers and the 

infrared cameras (Brown, 2004).  With the electromagnetic system, no data are lost when the 

sensors are covered by a subject’s limb or clothing, meaning that the subject can perform the 

activity as they normally do, with little restriction due to sensor placement.  However, this 

electromagnetic system also has some disadvantages:  It is a skin marker system, so there is 

potential for soft tissue artefact; as well, care must be taken to distance the system from sources 

of electromagnetic interference to ensure accurate data.  These limitations must be considered 

when interpreting knee joint kinematics based on data collected using the Fastrak electromagnetic 

tracking system.   

1.3.2 Non-invasive, inverse dynamics based tibiofemoral joint contact force modeling 

In this work, a simplified, non-invasive, inverse dynamics based method is used to estimate 

axial tibiofemoral joint contact forces.  The work focuses on the axial component of the 

tibiofemoral joint contact force because it is the largest component and makes up the majority of 

the net contact force (Kutzner et al., 2010).  The estimates are compared to axial tibiofemoral 

joint contact forces measured directly by instrumented tibia.  Comparisons between tibiofemoral 

joint contact force models and instrumented tibia measurements have been previously carried out 

during walking (Kim et al., 2009; Lin et al., 2010).  In both of these previous comparisons, the 

tibiofemoral joint contact force models were optimization based.  One of the goals of 

optimization is usually to ascertain the contribution of individual muscles to the tibiofemoral joint 

contact force.  However, the validations of optimization-based models are indirect and are unable 
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to show that the predicted muscle forces are representative of the actual muscle activity.  

Although the muscle forces satisfy the cost functions and constraint equations and are therefore 

mathematically correct, the results have been criticized because they are not necessarily 

physiologically correct (Challis, 1997).  Because the model used in this work is a reduction 

method, there are fewer assumptions made about how individual muscles act compared to one 

another.  The contributions of individual muscles are not required for the intended application 

because the focus is on determining a net axial joint contact force that can then be used in the 

development, design, and testing of total knee replacements.   

1.4 Objectives 

The objectives of the work in this dissertation were: 

1. To determine kinematics of a target population with and without total knee replacements 

during high demand activities (Chapter 2).  In this work, several high flexion activities 

are focused on to represent high demand. 

2. To further explore the accuracy of knee kinematics determined during high flexion 

activities using an electromagnetic skin marker system, by developing a study protocol to 

compare the electromagnetic system with a fluoroscopic method of higher accuracy 

(Chapters 3 and  4). 

3. To estimate axial tibiofemoral joint contact forces during high flexion using a simplified, 

non-invasive, inverse dynamics based model (Chapter 5). 

4. To compare axial tibiofemoral joint contact force estimates to directly measured 

tibiofemoral joint contact forces (Chapter 6). 
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1.5 Benefits 

The acquisition of fundamental kinematic and kinetic data are essential to developing better 

artificial knee joints that allow patients to accomplish more than just walking, stair climbing and 

getting up from chairs.  Improved designs will make it possible for patients to get back to 

activities such as squatting, kneeling, and cross-legged sitting after total knee replacement 

without sacrificing good performance during other more frequently performed activities.  These 

high flexion tasks are important cultural and lifestyle activities in China, India, Japan, and the 

Middle East.  High flexion is also important for Western total knee replacement recipients, as an 

increased number of younger patients are receiving total knee replacements and would like to be 

able to garden, exercise, tie shoe laces while squatting, and pick things up from the ground. 

There are three main ways in which better kinematic and kinetic data will help in the design 

process of artificial knee joints for high demand activities: 

1. A more accurate knowledge of the range of motion required for important activities of 

daily living will facilitate design of total knee replacement components to ensure 

sufficient implant range of motion.  These determined target kinematics will inform the 

design of ethnic or culturally specific implants for high flexion activities of daily living 

that are important for Muslim, Chinese, Indian, Japanese, and even active Western 

patients who squat, kneel, and sit cross-legged on a daily basis. 

2. It is important to know the loads during high range of motion activities of daily living, in 

order to set the loading parameters for finite element analysis, when a design is being 

optimized for both minimal thickness (minimal bone removal), optimal bone fixation, 

and maximum safety in use. It is important to know the loads (kinetics) and the pose of 

the joint when the loads are acting (kinematics). 
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3. Once prototypes are manufactured, all implants need to be fatigue tested according to 

ASTM, ISO, CE and other external and internal company standards. Knowledge of the 

forces and how they act on the implants is crucial in order to test them physiologically.  

Data are readily available for lower flexion activities, such as walking, running, or stair 

climbing, but hardly any are available for high range of motion activities, such as 

squatting, kneeling, and cross-legged sitting. 

1.6 Structure of dissertation 

This dissertation is composed of eight chapters, beginning with this introduction chapter.  

Chapters 2 through 6 are written in manuscript format:  Chapter 2 has been accepted for 

publication in the Journal of Arthroplasty; Chapter 3 has been accepted for publication in the 

Journal of Biomechanics; Chapter 4 provides a protocol that could be used in a larger scale study 

for publication; Chapter 5 has been published as an original manuscript in Gait and Posture; and 

Chapter 6 is in preparation for submission to the Journal of Biomechanics.  Chapters 2 through 4 

are kinematics based, while Chapters 5 and 6 focus on kinetics.  Chapter 2 describes the need for 

high flexion, specifically in the Middle East, and provides evidence that total knee replacements 

are, in fact, frequently being used to facilitate high flexion.  Chapter 3 investigates the accuracy 

of a radiographic motion tracking method so that it can be used in Chapter 4 in comparison to the 

electromagnetic tracking system.  Chapter 4 provides a protocol for determining the effect of soft 

tissue artefact on the accuracy of the electromagnetic method by comparing it to the radiographic 

system in a pilot study.  Chapter 5 describes the tibiofemoral joint contact force model that was 

adapted specifically for the estimation of axial joint contact forces during high flexion activities 

using a non-invasive inverse dynamics based approach.  A comparison of the model results with 

the current gold standard in in vivo tibiofemoral joint contact force measurement is described in 
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Chapter 6.  Chapter 7 provides a general discussion of the findings and describes the limitations 

of the work in this dissertation.  Finally, Chapter 8 concludes the dissertation, highlighting the 

major contributions and providing recommendations for future work. 
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Chapter 2 

KNEE KINEMATICS OF HIGH FLEXION ACTIVITIES OF DAILY 

LIVING PERFORMED BY MIDDLE EASTERN SUBJECTS WITH 

AND WITHOUT TOTAL KNEE REPLACEMENTS 

 

2.1 Abstract   

Full flexion is critical for total knee arthroplasty (TKA) patients in the Middle East, where 

daily activities require a high range of motion in the lower limb.  This study aimed to increase 

understanding of the knee kinematics of healthy Muslim subjects during high flexion activities of 

daily living, such as kneeling, Muslim prayer, sitting cross-legged, and squatting.  The early post-

operative kinematics for a select group of Muslim, high-flexion total knee arthroplasty patients, 

are also reported. 

Mean curves were compared between the healthy group and the total knee arthroplasty group.  

During kneeling, the average maximum flexion was 141.6º for the healthy group and 140.2º for 

the TKA group.  The healthy group’s maximum and minimum knee angles (flexion, abduction, 

external rotation) were reported and, with the exception of maximum extension, were not 

significantly different from the TKA group, despite short post-op times. 

2.2 Introduction 

The objective of this study was to determine the healthy three-dimensional knee kinematics 

of Muslims in the Middle East during high flexion activities.  There are few data on high flexion 

activities for Middle Eastern lifestyles, despite the fact that these activities are considered crucial 

to people in this region.  In this study, early post-operative knee kinematics of total knee 
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arthroplasty patients are also presented for high flexion activities.  The data presented in this 

study will increase the knowledge of high flexion needs in non-Western cultures and provide an 

initial characterization of the prosthesis kinematics in high flexion. 

2.2.1 High range of motion activities of daily living 

There is a lack of documented research on the functional range of motion of non-Western 

populations.  A number of studies have been carried out involving Western, Japanese, Indian, and 

Chinese subjects, but the availability of published data for Middle Eastern subjects is limited 

(Mulholland and Wyss, 2001).  Of the published studies, few report the range of 

abduction/adduction (varus/valgus) in either the healthy knee or knees with prostheses. 

In some non-Western cultures, high range of motion activities are commonplace and 

culturally significant.  A range of motion greater than 120° is critical for activities of daily living, 

which include kneeling, squatting, and sitting cross-legged (Hemmerich et al., 2006; Banks et al., 

2003a).  Squatting can be maintained by some for hours and is required for activities such as 

toileting, resting, and conducting activities near the floor (Das De et al., 1994).  Sitting cross-

legged is used for eating meals, meditation, and relaxation.  Kneeling is important in much of the 

Middle East and Asia for religious activities.  During prayer, Muslims have been shown to 

routinely flex the knee between 150° and 165° (Hefzy et al., 1998).  Some Muslim subjects in this 

study indicated that they kneel 20 to 30 times each day, and could comfortably remain kneeling 

or sitting cross-legged for an hour or more.  Often, non-Western patients are inclined to refuse 

total knee arthroplasty due to concerns that the post-operative range of motion will be less than 

adequate for high range of motion activities of daily living (Villar et al., 1989).  Compared to 

Western countries, far fewer total knee arthroplasties are performed in Saudi Arabia and the 
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Middle East, where total knee arthroplasty is less accepted because the outcome depends highly 

on implant design, surgical techniques, and many patient factors (Hefzy et al., 1998). 

2.2.2 High range of motion total knee arthroplasty 

Recent improvements in implant design and surgical technique have allowed more total knee 

arthroplasty patients to reach previously unattainable ranges of motion.  With these 

improvements, surgeons are implanting knee prostheses in more diverse, younger, and more 

active patients, including Western patients who require a high range of motion for gardening, 

golfing, athletics, and occupational tasks such as roofing and flooring installations and some 

assembly line activities (Mulholland and Wyss, 2001; Banks et al., 2003a; Kanekasu et al., 2004).  

Knowledge of healthy knee kinematics is important for understanding joint injuries and diseases, 

and evaluating treatment outcomes (Dennis et al., 2005).  An understanding of knee arthroplasty 

kinematics, especially in deep flexion, can aid in the prediction of total knee arthroplasty 

component wear (Banks et al., 2003b).     

2.3 Methods 

2.3.1 Subjects 

This study was carried out in Dubai, United Arab Emirates, and ethics approval was obtained 

from a local Institutional Review Board at American Hospital Dubai.  Volunteer subjects were 

recruited at the hospital where the study was to take place, and they provided informed consent 

for participation.  Data collection required travel to the Middle East and was scheduled to take 

place over a period of one week.  All eleven male patients who were scheduled for routine 

follow-up appointments during that week were asked to participate.  Nine patients (82%) agreed 

to participate and stated they were able to perform the required activities.  Seven of the total knee 
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arthroplasty patients had bilateral total knee replacements, one had a right knee replacement only, 

and one had a left knee replacement only.  The average time post-op for the TKA patients was 18 

months, ranging from three months to 29.5 months.  Healthy subjects were recruited through 

advertisements at the hospital.  This healthy group consisted of hospital employees, patients who 

were at the hospital for non-joint-related treatment, relatives of admitted patients, and those who 

were informed of the study by another subject or person at the hospital.  Subjects were required to 

be Muslim, and living a Middle Eastern lifestyle.  All subjects included in this study were male.  

The mean age, height, and mass of the two subject groups are shown in Table 2-1.  The average 

passive pre-op range of knee flexion was 135º, while the average passive post-op range of flexion 

was 148.8º.  

Table 2-1: Subject characteristics for the healthy group and the total knee arthroplasty 

(TKA) group. 

 Healthy Group TKA Group 

Age [years] 45.7 (± 11.7) 63.9 (± 4.5) 

Height [m] 1.76 (± 0.05) 1.64 (± 0.09) 

Mass [kg] 90.0 (± 11.3) 76.7 (± 12.1) 

Number of subjects 10 male 9 male 

2.3.2 Surgical technique 

All patients had received high flexion mobile bearing knee prostheses.  All surgeries had been 

performed by the same surgeon via the subvastus approach with quadriceps releases carried out in 

cases where flexion was less than 100 degrees.  A median parapatellar incision was made while 

maintaining the attachment of the vastus medialis on the patella and leaving it intact.  Dissections 

were carried out on the vastus medialis until it was laterally mobilized.  If the patient had limited 

movement, a quadriceps release was carried out, where the quadriceps muscle was dissected free 

from the anterior surface of the femur.  The release was done manually and bluntly as far 

proximally as needed until a flexion of 130 degrees was obtained.  This procedure allowed more 



 

17 

 

quadriceps excursion and enabled the surgeon to sublux the patella laterally.  No attempt was 

made to evert and dislocate the patella.  The bone cuts were carried out as per recommendation of 

the manufacturer.  Patellar tracking was checked before closure by flexing the knee and extending 

it, with no external support for the patella (no thumb technique).  All components were cemented 

in full extension.  Physiotherapy was initiated after removing the drain one day post-operatively 

and after reducing the dressing.  No continuous passive motion (CPM) machines were used.  

Physiotherapy involved aggressive passive and active knee flexion.   

2.3.3 Equipment and data collection 

Kinematic data were collected using a six-degree-of-freedom electromagnetic motion 

tracking system (Fastrak; Polhemus, Colchester, VT, USA) with four receivers (sensors).  With 

the foot, shank, and thigh receivers fixed to the subject’s right leg, a stylus attached to a fourth 

receiver was used to digitize bony landmarks while the subject was standing.  The locations of the 

bony landmarks relative to the segment receiver were used to define segment coordinate systems 

(described in the next section) and the transformation between the receiver coordinate system and 

the segment coordinate system.  After digitizing bony landmarks, the stylus was removed from 

the fourth receiver, and the receiver was attached to the sacrum. 

The subject’s instrumented foot was on a non-conductive force platform (BP400600NC; 

AMTI, Watertown, MA, USA) embedded in the wooden platform on which the subject stood.  

The platform contained no metal parts and was built approximately 50 cm tall to minimize 

electromagnetic distortion from the steel-reinforced concrete floors.  A study by Lionberger et al. 

found that cobalt-chromium, titanium, and stainless steels did not significantly interfere with an 

electromagnetic surgical navigation system when they were placed within 1 cm of the measuring 

device (Lionberger et al., 2006).  This result was confirmed by the authors of the current study by 
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placing total knee replacement components in the measurement field of the Fastrak 

electromagnetic system in a configuration that was similar to the configuration used for data 

collection in the current study.  The study by Lionberger et al. (2006) and our unpublished work 

were sufficient to alleviate concerns about the arthroplasty components causing interference in 

the field of the electromagnetic motion tracking system.   

Anthropometric measurement and kinematic and kinetic data collection were consistent with 

the protocol presented by Hemmerich et al. (2006).  Subjects performed multiple trials of four 

activities:  squatting, kneeling, praying, and sitting cross-legged. Subjects performed only the 

activities that they were accustomed to doing.  The four activities are depicted in Figure 2-1.  The 

squatting activity was performed with either the heels resting flat on the floor or with the heels 

raised off the floor and the subject’s weight balanced over the balls of the feet.  The kneeling 

activity was performed in the manner in which the subject normally kneels during a Muslim 

khutbah (sermon). This posture was also used by some subjects for eating meals at low dining 

tables or for relaxing and lounging in the home. The prayer activity was representative of a 

portion of the Muslim rak’ah, a repeated series of movements involved in prayer.  From standing, 

the subject first bowed the torso forward and bent the knees, lowering the body into the sujud 

position, where the knees, hands, and forehead rested on the floor (platform), as shown in Figure 

2-1; the torso was then flexed back towards upright while flexing the knees back to almost a full 

kneeling position.  The subject then returned to a standing position.  The sitting cross-legged 

activity involved sitting with the buttocks on the platform and the feet resting under the knees or 

shins.  Subjects indicated that they often sat cross-legged during meal times or leisure time.  
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Figure 2-1:  The four activities that subjects were asked to perform: (top row) prayer, 

(bottom row) kneeling, sitting cross-legged, and squatting.  Only the movements that 

comprise the first phase of the prayer activity are shown.  The subject started and ended all 

activities in the standing position. 

 

The subject was asked to lower the body into position with the aid of gravity and then pause 

to ensure that all segments had fully come to rest.  After staying in this rest position for a few 

seconds, the subject was then asked to rise up out of the position against gravity.   

2.3.4 Segment-fixed coordinate systems and kinematics analysis 

Segment-fixed coordinate systems were defined for the foot, shank, and thigh in order to 

define floating axis angles (Grood and Suntay, 1983).  Only the femur-fixed and tibia-fixed 

coordinate systems are described here since only these axes were used to calculate the three-

dimensional knee angles.  The origin of the femur-fixed coordinate system was the mid-point 
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between the medial and lateral femoral epicondyles.  The direction of the z-axis was defined from 

this origin to the hip joint centre, which was positioned 2 cm distal from the midpoint between the 

symphysis pubis and the anterior superior iliac spine (Kirkwood et al., 1999).  The z-axis and the 

transepicondylar line were used to define the frontal plane, and the y-axis was defined as a 

normal to the frontal plane, with the x-axis defined as the cross product between the y- and z-

axes.  The origin of the tibia-fixed coordinate system was positioned at the mid-point between the 

lateral and medial malleoli.  The z-axis was directed from this origin to the mid-point between the 

lateral and medial tibial condyles.  The y-axis was defined as the cross product between the z-axis 

and the line joining the tibial condyles.  The x-axis was again defined as the cross product 

between the y- and z-axes. Three-dimensional knee joint angles were calculated from these 

segment-fixed axes as described by Hemmerich et al. (2006), following the joint coordinate 

system convention (Grood and Suntay, 1983).  Care was taken to palpate points accurately, due to 

the potential for kinematic cross-talk effects when defining anatomical coordinate systems via 

palpation of bony landmarks.  Cross-talk occurs when the defined axes do not align with the true 

anatomical axes of the joint.  The result is that motion about one axis is erroneously represented 

as motion about another axis.  Previous work that investigated the effect of kinematic cross-talk 

has advised that accurate palpation is the best precaution against cross-talk error (Kadaba et al., 

1990).  However, as with all marker-based tracking systems, including those that overcome the 

skin movement concern, there is no way to completely eliminate the potential for this cross-talk. 

2.3.5 Mean kinematics curves 

The data were split into two phases, moving into and out of the rest position (with and against 

gravity), with the rest position data removed.  The phases were normalized to a 100% phase, 

where the end (100%) of the first phase occurred when the subject reached the rest position after 
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moving with the aid of gravity, and the start (0%) of the second phase occurred when the subject 

started to move against gravity from the rest position to return to the standing position.  After 

determining normalized kinematic data for each trial of a given activity for a given subject, a 

mean curve for that subject and activity was created.  One mean curve per subject was then used 

to create a mean curve for the whole subject group. 

2.3.6 Comparison between healthy and post-operative TKA kinematics 

The maximum and minimum angles in each of the three anatomical planes were identified for 

each individual trial.  The result was a six-value summary of each trial (three maximum values 

and three minimum values).  These values were averaged to determine six mean values for each 

subject and activity.  An overall set of six average values (and six corresponding standard 

deviations) per group was then determined for each activity.  Small independent sample inference 

tests (t-tests) on equivalence of means with unequal variances were used to detect differences in 

these values between the two groups (Agresti and Finlay, 2009).  A p-value less than 0.05 was 

considered significant.  Positive angles corresponded to flexion, abduction, and external rotation, 

while negative angles corresponded to extension, adduction and internal rotation.  Thus a 

negative value representing minimum flexion also corresponded to maximum extension. 

2.4 Results 

The maximum angles and ranges of motion were not significantly different between the 

healthy and TKA groups (Table 2-2).  This finding shows that these knee arthroplasty patients 

had the same mobility as the healthy subjects, with the exception of a statistically significant 

difference that was found for the minimum flexion (p < 0.05) for all activities except kneeling.  

Therefore, some of the arthroplasty patients may have had limited extension, meaning they were 

unable to actively straighten or hyperextend the knee.   
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The mean kinematics in the two groups were similar in both range and pattern (Figure 2-2 

through Figure 2-5). During the kneeling activity, there was a phase shift between initial flexion 

peaks (Figure 2-3).  This indicates that on average when kneeling, the total knee arthroplasty 

patients flexed the knees later in the phase than the healthy subjects, but were able to reach 

similar mean maximum flexion angles.  During both the prayer and kneeling activities, the 

arthroplasty patients extended the knee earlier in the second phase than the healthy subjects 

(Figure 2-2 and Figure 2-3).  On average, internal rotation increased slightly more for the TKA 

group than for the healthy group at high flexion during the kneeling and cross-legged sitting 

activities (Figure 2-2 and Figure 2-4).  On average, the flexion angles at the start and end of all 

activities (represented by the minimum flexion values in Table 2-2) were 6.6º greater for the 

arthroplasty patients than for the healthy subjects, which corroborates the possibility of somewhat 

limited knee extension for the arthroplasty patients.  There were no other consistent differences 

between the two groups across all activities. 
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Table 2-2:  Mean and standard deviation (S.D.) of knee angles for the two subject groups.  

Positive values indicate flexion, abduction, and external rotation, while negative values 

indicate extension, adduction, and tibial internal rotation 

Prayer Healthy (9 subjects) TKA (6 subjects) 

  Mean S.D. Mean S.D. 

Flexion Maximum 140.4 11.5 132.8 11.7 

Flexion Minimum -1.0* 6.7 5.7* 5.3 

Abduction Maximum 18.6 5.9 19.5 14.9 

Abduction Minimum -7.3 3.0 -8.1 8.0 

External Rotation Maximum 5.0 10.0 4.7 6.0 

External Rotation Minimum -22.0 9.0 -32.3 12.2 

Kneeling Healthy (8 subjects) TKA (5 subjects) 

  Mean S.D. Mean S.D. 

Flexion Maximum 141.6 8.3 140.2 11.2 

Flexion Minimum 0.3 3.9 5.7 6.0 

Abduction Maximum 18.3 5.8 25.7 11.7 

Abduction Minimum -7.1 3.7 -4.7 6.3 

External Rotation Maximum 1.7 5.6 6.6 10.8 

External Rotation Minimum -26.0 11.3 -33.8 13.1 

Sitting Cross-legged Healthy (7 subjects) TKA (7 subjects) 

  Mean S.D. Mean S.D. 

Flexion Maximum 131.5 8.3 136.3 17.6 

Flexion Minimum -1.2* 4.2 5.8* 4.1 

Abduction Maximum 15.8 7.6 20.7 20.8 

Abduction Minimum -11.8 3.4 -14.6 15.9 

External Rotation Maximum 4.6 6.6 7.4 13.5 

External Rotation Minimum -30.5 19.8 -44.3 10.5 

Squatting Healthy (8 subjects) TKA (5 subjects) 

 Mean S.D. Mean S.D. 

Flexion Maximum 125.6 25.9 133.4 12.4 

Flexion Minimum 0.4* 2.7 7.6* 6.4 

Abduction Maximum 19.0 4.8 19.5 17.1 

Abduction Minimum -6.4 3.3 -6.8 11.0 

External Rotation Maximum 0.7 8.0 7.7 14.7 

External Rotation Minimum -20.8 11.6 -27.0 14.0 

*Significant difference between the healthy and TKA subject groups (p<0.05). 
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Figure 2-2:  Mean (± one standard deviation) kinematics curves for the prayer activity.  

Positive values represent flexion, abduction, and external rotation.  The grey curve was 

based on nine healthy subjects, and the black curve was based on six TKA patients. 
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Figure 2-3:  Mean kinematics (± one standard deviation) curves for the kneeling activity.  

Positive values represent flexion, abduction, and external rotation.  The grey curve was 

based on eight healthy subjects, and the black curve was based on five TKA patients. 
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Figure 2-4: Mean (± one standard deviation) kinematics curves for the sitting cross-legged 

activity.  Positive values represent flexion, abduction, and external rotation.  The grey and 

black curves were based on seven healthy subjects and seven TKA patients, respectively. 



 

27 

 

 

Figure 2-5:  Mean (± one standard deviation) kinematics curves for the squatting activity.  

Positive values represent flexion, abduction, and external rotation.  The grey curve was 

based on eight healthy subjects, and the black curve was based on five TKA patients. 

   

It should be noted that the maximum and minimum values in Table 2-2 differ from the 

maximum and minimum values of the mean curves in Figure 2-2 through Figure 2-5.  This is due 

to the way in which the mean curves were created from individual curves.  The phase percentage 

that corresponded to the extreme values of the individual curves varied from curve to curve.  An 

extreme value on the mean curve is the mean of all the subject curves at that given phase 

percentage, which may or may not have corresponded to the individual subject extreme values.  

The values in Table 2-2 are the means of the extreme values of each individual subject curve, 

which did not necessarily correspond to the same phase percentage on each curve. 
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2.5 Discussion 

The maximum flexion exhibited by a single subject was 158.9º for the healthy subject group 

and 158.8° for the TKA subject groups.  Several arthroplasty patients indicated that squatting was 

part of physiotherapy after surgery, which may explain why four of the healthy subjects exhibited 

a flexion range smaller than that of most arthroplasty patients when squatting (Table 2-2, Figure 

2-5).  Nine out of the eleven knee arthroplasty patients (82%) who were invited to participate in 

this study stated they were able to perform the activities.  No significant difference was found for 

most maximum and minimum angles between the healthy and TKA post-op groups (Table 2-2).  

These similar ranges of motion (maximum or minimum values) could indicate that these patients 

were performing the activities through similar kinematic mechanisms as the healthy subjects.   

The pre-op range of motion has been indicated as the single most important factor in 

determining post-op range of motion (Kurosaka et al., 2002).  The results of this study agree with 

that observation since these patients also had a high range of motion before surgery (average pre-

op range of flexion:  135º).  The average increase in range of flexion was 13.8º.  This increase is 

most likely due to a combination of surgical technique, implant design, aggressive physiotherapy, 

and patient commitment to rehabilitation since high flexion is such an essential requirement of 

daily living.  These factors were not individually assessed in this study. 

The average passive post-op range of flexion was 148.8º.  The TKA group appeared to have 

limited post-op extension, which may indicate a residual flexion contracture, or the quadriceps 

release procedure may be the cause of this active extension lag.  It may also simply be indicative 

of the short post-op times for some of the patients, and the extension range of motion may 

improve over time.  It was not expected that all patients had reached a full recovery.  This was not 

intended to be a follow-up study, but rather a study that would characterize the knee kinematics 
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of patients who have returned to performing these required activities relatively quickly after 

receiving a high flexion total knee arthroplasty.  It is possible that some smaller differences in 

angles or ranges of motion were not detected due to the small sample size and large standard 

deviations. 

In this study, the average maximum tibial internal rotation with respect to the femur for 

healthy subjects during kneeling was 26.0° ± 11.3°.  Using radiographs during weight-bearing 

knee flexion up to 120° for six healthy, healthy Japanese males, Asano et al. (2001) found that the 

tibia was externally rotated to 4.2° on average at hyperextension (relative to the femoral position 

at 0° flexion) and internally rotated to a maximum of 24.9° at 105° flexion.  A fluoroscopic 

analysis of deep knee bends by Dennis et al. (2005) of 20 healthy knees found that the average 

range of axial rotation for the 10 subjects from 0° to 120° flexion was 23.67° ± 9.56°.  Following 

the same protocol as was used in the current study, the average tibial rotation of 26 healthy Indian 

subjects during kneeling with ankles plantar-flexed ranged from 12.4° ± 6.0° external rotation to 

19.7° ± 15.3° internal rotation (Hemmerich et al., 2006).  The average range of tibial rotation 

found in the current study agrees well with this previously published data.  However, these results 

do not agree with those presented by Kanekasu et al. (2004) nor with those presented by 

Argenson et al. (2005).  From fluoroscopic analysis, Kanekasu et al. reported only 9° of tibial 

internal rotation on average at 160° flexion, while Argenson et al. reported an average of only 

4.9° internal rotation at an average of 125° flexion.  These discrepancies may be attributed to 

cultural and lifestyle differences between the subject groups, as well as differences in the manner 

of performing the various activities. 

While the mean curves (Figure 2-2 through Figure 2-5, thick lines) are within reasonable 

ranges, the ranges of non-sagittal rotations found in this study were large for some subjects, 
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indicated by the wide standard deviations (Figure 2-2 through Figure 2-5, thin lines).  There are 

several potential contributors to these large ranges of motion: 

1. Actual kinematic mechanisms (lift-off, distraction) that allow for a larger range of 

motion,  

2. Patient/surgery factors (implantation angle, some short post-op times) that increase 

variation in kinematics for the total knee arthroplasty group, and  

3. Experimental errors (kinematic cross-talk, soft tissue artefact) that result in the range of 

motion appearing larger than what is actually exhibited. 

Lift-off between the implant components would be represented in the tracking data as a 

change in abduction angle and may explain the large ranges of motion in the frontal plane.  

Uncalibrated fluoroscopic images in a static, high flexion pose were available for only one of the 

patients in the study.  These images confirm lift-off for one of the arthroplasty patients.  While 

there is no previous literature to provide a fair comparison for abduction angles, the internal 

rotation values determined for these high flexion activities agree well with some previous 

radiographic and fluoroscopic analyses of high flexion activities (Dennis et al., 2005; Asano et 

al., 2001), as discussed previously. 

Despite this agreement with some previous literature, the range of internal rotation found for 

arthroplasty patients was higher than what would be allowed by the implant design due to 

rotational stops on the tibial tray that limit the range of axial rotation of the tibial insert on the 

tibial tray.  At higher flexion angles, soft tissue is tightly interposed between the thigh and shank 

segments, which may have caused the joint to distract.  This subluxation may allow additional 

rotation beyond the stops and may contribute to the large range of internal rotation during 
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kneeling:  33.8º ± 13.1º for TKA patients.  Due to the non-invasive nature of the study, it is not 

possible to confirm joint distraction for these subjects. 

The large standard deviations for total knee arthroplasty patients (Figure 2-2 though Figure 

2-5, black lines) may also reflect the variation in how patients approach the activities, and may be 

due to short post-op recovery times for some subjects.  The large variation may also be partly due 

to variations in implantation angle, creating an offset in the data for some patients. 

As with all approaches that are based on the identification of bony landmarks, there was also 

potential for kinematic cross-talk, which occurs when the defined axes do not align with the true 

anatomical axes of the joint.  The result is that motion about one axis is erroneously represented 

as motion about another axis, and this cross-talk could have been a source of erroneous non-

sagittal motion.    In order to investigate the contribution of coordinate system misalignment to 

non-sagittal errors, coordinate systems were perturbed in the frontal plane with the goal of 

minimizing the range of motion in abduction over the four activities for each subject.  This 

approach was not successful in significantly reducing the range of abduction, which rules out a 

significant cross-talk contribution. 

The non-sagittal angles reported in this study could also be affected by skin and soft tissue 

motion relative to the underlying bones.  While radiographic methods would have overcome the 

soft tissue artefact concern, they would have also limited the subject’s natural movement and 

range of motion when performing the high flexion activities in this study.  It is not possible to 

quantify the soft tissue artefact for these subjects.    Thigh-calf contact occurs at high flexion, 

increasing soft tissue distortion, thus increasing uncertainty in the non-sagittal angles as flexion 

increases.    The onset of thigh-calf contact was not monitored in this study and would depend on 

the thickness of the subject’s limb (Nagura et al., 2002).  In one kneeling study from Nagura et al. 
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(2002), thigh-calf contact was reported to occur beyond 140º flexion.  Since the subjects in the 

current study were on average heavier than Nagura et al.’s subjects (mean 69 kg versus mean 90.0 

kg and mean 76.7 kg for the two subject groups in this study), it is possible that the flexion angle 

at thigh-calf contact onset was less than 140º for some subjects.  

Using an electromagnetic tracking system, the kinematics for high range of motion activities 

of daily living were characterized for ten healthy Muslim males and compared to nine male, 

Muslim high flexion total knee arthroplasty patients who were able to perform the required 

activities:  kneeling, Muslim prayer, sitting cross-legged, and squatting.  A comparison of the two 

groups showed that for three of the four activities, a statistically significant difference was found 

in the minimum flexion (maximum extension) angle achieved during the activities.  This may be 

due to short post-op times for the arthroplasty patients, residual flexion contracture, or the 

quadriceps release procedure during surgery.  No statistically significant difference was found in 

the maximum joint angles between the two groups, even though for some patients, surgery was as 

recent as three months prior to the study.  Thus, the total knee arthroplasty patients exhibited a 

normal range of motion for high flexion activities of daily living.  The range of internal rotation 

found in this study agrees well with studies by Dennis et al. (2005) and Asano et al. (2001)that 

used radiography and fluoroscopy. 

In the design of high flexion total knee arthroplasty components, tests should be carried out 

where potential designs are put through a range of flexion that is even larger than the range of 

flexion measured in this study, in order to account for variation in implantation angle.  High 

flexion implant manufacturers can use the kinematic data provided in this study for finite element 

analysis, knee joint simulator and fatigue testing, and in the prediction of polyethylene wear.  

Designers should ensure that high flexion total knee replacement components can withstand the 
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repeated high flexion angles reported here in order to ensure safety for patients who perform high 

flexion activities daily.  
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Chapter 3 

ACCURACY OF SINGLE-PLANE FLUOROSCOPY IN 

DETERMINING RELATIVE POSITION AND ORIENTATION OF 

TOTAL KNEE REPLACEMENT COMPONENTS 

 

3.1 Abstract 

The kinematics of total knee replacement components were determined in vitro using two 

simultaneous methods:  single-plane fluoroscopic shape matching using JointTrack software and 

an optoelectronic motion tracking system.  The objective of this study was to determine the 

accuracy of the single-plane fluoroscopy method in calculating the relative pose between the 

femoral component and the tibial component.  The mean differences and the limits of agreement 

between the two methods were calculated for static and dynamic trials, and for manual and 

optimized shape matching.  The largest absolute mean differences in relative pose between the 

two methods for any testing condition were 2.1˚, 0.3˚, and 1.1˚ in flexion, abduction, and external 

rotation respectively, and 1.4 mm, 1.0 mm, and -1.9 mm in anterior-posterior, distal-proximal, 

and medial-lateral translations respectively.  For the manually-matched initial position of the 

components during dynamic trials, the limits of agreement, between which 95% of differences 

can be expected to fall, were -1.9˚ to 4.1˚ in flexion, -0.5˚ to 1.2˚ in abduction, -2.0˚ to 1.1˚ in 

external rotation, -1.6 mm to 3.2 mm in anterior-posterior translation, -2.0 mm to 0.0 mm in 

distal-proximal translation, and -5.3 mm to 6.3 mm in medial-lateral translation.  These mean 

accuracy values and limits of agreement can be used to determine if the shape-matching 
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approach using single-plane fluoroscopic images is sufficiently accurate for an intended 

motion tracking application. 

3.2 Introduction 

Single-plane fluoroscopy has been used extensively to track the motion of total joint 

replacements, especially total knee replacements.  Many different approaches to distortion 

correction, shape matching, and optimization have been presented as part of the kinematic 

analyses of natural knees (Moro-oka et al., 2008; Fregly et al., 2005; Komistek et al., 2003) and 

total knee replacements (Dennis et al., 2004; Dennis et al., 1998; Kanekasu et al., 2004; Komistek 

et al., 2008; Banks et al., 2003; Zihlmann et al., 2006; Watanabe et al., 2004).  The accuracy of 

fluoroscopic methods involving the registration of three-dimensional total knee replacement 

models to two-dimensional fluoroscopic images has been investigated previously (Banks and 

Hodge, 1996; Mahfouz et al., 2003; Yamazaki et al., 2004; Zuffi et al., 1999).  However, the 

previous studies have some limitations.  To our knowledge, no single study has reported the 

accuracy of a fluoroscopic approach specifically in determining the relative pose between the 

femur and tibia component along knee motion axes, while the components were in motion 

relative to one another (simulating an actual motion tracking application).  Accuracies less than 

1.1 mm and 1˚ have been reported (Banks and Hodge, 1996; Mahfouz et al., 2003); however, 

these values are for estimating the pose of a single component in a given coordinate system.   

JointTrack is an open source shape matching software program used to determine the 

kinematics of joint replacements or natural joints based on radiographic images 

(http://sourceforge.net/projects/jointtrack/).  The objective of this study was to determine the 

accuracy of knee joint kinematics calculated using the fluoroscopic shape matching approach 

software by comparing it to optoelectronic motion tracking.  The differences between the two 
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methods were calculated as a measure of the accuracy of the fluoroscopy approach.  If the 

fluoroscopic method is to be applied in the study of knee kinematics or in the validation of other 

motion tracking systems, an estimate of the accuracy of the fluoroscopic approach in determining 

relative knee joint kinematics must be determined in dynamic applications and in terms of 

clinically relevant quantities.  The dynamic and static accuracy of the fluoroscopic approach was 

determined for manual and optimized shape matching.  The accuracy is reported specifically for 

the relative pose between the femur and tibia, and is expressed based on the knee joint axes, in 

order to make it as clinically relevant as possible. 

3.3 Methods 

The femoral component and tibial component (including polyethylene insert) of a cruciate-

substituting mobile bearing total knee replacement (Innex, Zimmer GmBH, Winterthur, 

Switzerland) were implanted into femur and tibia Sawbones.  Elastics were used to attach the two 

Sawbones and to simulate collateral ligaments.  One infrared marker set was rigidly attached to 

each of the Sawbones.  Each marker set was used to form a marker coordinate system that moved 

rigidly with the Sawbone to which it was attached (Figure 3-1). 

The coordinate systems of the two implant components were the same as the coordinate 

systems in the component CAD model files.  Before implantation, a probe was used to digitize 

the features (surfaces) on each component that defined the CAD model coordinate systems.  

Registration landmarks that had been made on the exposed surface of the femoral and tibial 

components were also digitized so that the position of the implant coordinate system could be 

determined after implantation when the defining features of the coordinate system were no longer 

accessible.  The exposed registration landmarks were made on the surface of the implant 

components using a hardness tester.  The landmarks were indents in the shape of an inverted 
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pyramid, which were less than 1 mm in diameter and did not alter the silhouette of the implant in 

the images.  After implantation, the landmarks’ positions were recorded relative to the marker 

coordinate system on the attached Sawbone and used to create transformation matrices between 

the marker coordinate system and the component coordinate system.  Once determined, the 

component pose matrices were then used to calculate the orientation (three angles in the order 

flexion, abduction, and then external rotation) and position of the femur relative to the tibia, based 

on the implant component (CAD model) coordinate systems. 

 

Figure 3-1:  Experimental set-up.  Images were taken using a C-arm fluoroscope while 

infrared marker clusters on the tibia and femur were simultaneously tracked by Optotrak 

Certus camera.  Dynamic trials started with the knee at approximately 95˚ flexion.  The 

femur was manually moved through an extension cycle to 0˚. 

 

0.798 m 
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Trials were recorded simultaneously using an Optotrak Certus camera (Northern Digital Inc., 

Waterloo, Ontario, Canada) and an OEC 9800 C-arm fluoroscope (GE OEC Medical Systems, 

Salt Lake City, Utah, USA), using custom software to synchronize the two acquisition methods.  

The experimental set-up is shown in Figure 3-1.  Each frame of raw data consisted of two pose 

matrices (one for each infrared marker coordinate system in the camera reference frame) and one 

fluoroscopic image.  Six static trials were performed, during which the Sawbones were set in one 

of six static poses (Table 3-1) while a series of frames were recorded.  Five frames were 

randomly selected from each static pose for a total of thirty 640x480 images.  Five dynamic trials 

were recorded, during which the tibia Sawbone was fixed in space and the femur Sawbone was 

manually moved through a knee extension cycle from approximately 95° flexion to 0° flexion.  

Tension in the simulated collateral ligaments held the femoral component against the 

polyethylene insert, meaning implant geometry guided the relative motion.   Abduction/adduction 

or external/internal rotation of the knee during the trial occurred as a natural consequence of 

implant geometry and flexion of the implant. 

Table 3-1:  Knee angles for the six static poses (as calculated from the optoelectronic motion 

data). 

Flexion angle 

[degrees] 

Abduction angle 

[degrees] 

External rotation angle 

[degrees] 

13.7 0.1 9.1 

14.4 0.0 21.5 

10.4 6.8 5.8 

72.1 0.4 -5.3 

73.8 0.1 10.4 

72.4 3.9 -2.8 

 

The fluoroscopic images were corrected for distortion and calibrated.  A calibration jig 

consisting of two plates separated by a 30 cm space was placed over the image intensifier.  The 

plate closest to the image intensifier contained a grid pattern of radiopaque beads; the second 
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plate contained a star pattern of beads.  The known locations of the beads in space were mapped 

to the image coordinates and the intrinsic camera parameters were determined using the Camera 

Calibration Toolbox for Matlab (The Mathworks Inc., Natick, Massachusetts, USA).  The 

distortion correction parameters determined from the calibration images were used to correct all 

the trial images for distortion.  The images were then imported into the JointTrack software along 

with CAD models of the two components supplied by the implant manufacturer.  The contour of 

the implant components was extracted from the images in the software using Canny edge 

detection (Canny, 1986).  By manually changing the position and orientation of the CAD models 

on the display, the contour of the CAD model was manually matched to the contour of the 

component silhouette in the fluoroscopic image, as shown in Figure 3-2.  (The matched contours 

are shown in Figure 3-2e).  Normally, when shape matching sequential frames, the pose in the 

preceding frame is used to aid the operator in matching the current frame since the knee joint 

motion is expected to be smooth (Zuffi et al., 1999).  Therefore, the 176 dynamic trial images 

were matched in the order they were collected in order to simulate actual applications.  The 

nominal image acquisition frequency was 8 Hz and all acquired images were processed for the 

dynamic trials.  The order of processing of the static images was instead randomized so that the 

operator had to start the matching from scratch for each frame in order to assess the repeatability 

with which the operator could re-match an image from the same static trial. 

After manually positioning the implant components, the JointTrack software optimized this 

initial manual pose.  The automated optimization algorithm in the software is based on the 

method described by Mahfouz et al. (2003) and involves the comparison of the actual x-ray image 

to a predicted x-ray image created based on the current pose of the components in the software 

and the known geometry and parameters of the fluoroscope.  The shape match between the two 
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images is evaluated based on a weighted combination of two metrics.  The first metric is a 

correlation on the intensity values of the two images and the second is a correlation on the shape 

contours (Mahfouz et al., 2003).  The edge contour correlation is weighted more heavily (weight: 

2.67) than the intensity correlation (weight: 1.0).  The weights were determined experimentally 

for best results (Mahfouz et al., 2003). 

 

Figure 3-2:  JointTrack software display.  (a) Original fluoroscopic image.  (b) Edges 

extracted from the fluoroscopic image.  (c) CAD models of the implants imported into the 

software.  (d) The outline view of the implants positioned in front of image edge view.  (e) 

The position and orientation of the CAD model has been manually manipulated so that the 

two shape outlines match.  (f)  The 3D solid model view of the implant in the matched 

position.  (g), (h), and (i) Free rotation views of the implant in the matched position.  The 

software operator can freely rotate the viewing angle of the implant components. 
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The initial results of the analysis were three position coordinates and the three orientation 

angles of each component in the image.  These values were then used to calculate a pose matrix 

for each component.  The pose matrices were used to calculate a transformation matrix between 

the two components.  The orientation (three angles) and position (three translations) of the femur 

relative to the tibia were then determined from the transformation matrix. 

The differences between the results from the two methods were calculated for each frame of 

data (30 static frames and 176 dynamic frames).  The limits of agreement between the 

optoelectronic results and the fluoroscopic results were determined using the methods described 

by Altman and Bland (1983).  These methods were specifically developed in order to describe 

agreement between measurement methods.  This “limits of agreement” approach calculates an 

upper and lower limit, between which 95% of the differences between the two methods can be 

expected to fall.  Since a single-factor ANOVA showed a trial effect, each trial was treated 

separately and a pooled variance was used as described in Bland and Altman (1999; 2007).  

Hypothesis testing was carried out to determine if there were statistical differences between the 

fluoroscopic and optoelectronic results, between static and dynamic differences, or between 

manually matched and optimized differences.  P-values were corrected for multiple tests using a 

Bonferroni step-down (Holm) correction.  Statistical significance was defined by an adjusted p-

value less than 0.05. 

3.4 Results 

All average angle differences were under 2.1°, while all average translation differences were 

within 2 mm, as shown in bold in Table 3-2.  All differences were normally distributed.  The 

limits of agreement (in brackets in Table 3-2) are approximately two standard deviations from the 

mean values but are slightly different because a pooled variance, where trials are treated 
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separately, was used in the calculation.  These upper and lower limits (upper and lower dotted 

lines in Figure 3-3 and Figure 3-4) are the bounds between which 95% of the differences between 

the two methods can be expected to fall.  The Bland-Altman plots of the data (Figure 3-3 and 

Figure 3-4), where the difference of the two measurements (vertical axis) is plotted against the 

mean of the two measurements (horizontal axis) showed no linear trends, with the exception of 

medial-lateral translation during the dynamic trials (Figure 3-4c, R
2
=0.85).  The x-intercept of the 

trend is near zero because the optoelectronic method tracked a smaller range of medial-lateral 

translations (3.1 mm) than the fluoroscopic method (10.0 mm).  When the mean of the two 

methods was near zero (translations from both methods were small), the methods were in better 

agreement.  The standard deviations of the differences calculated during the static trials reflect 

how repeatably images from the same static trial could be manually matched without knowledge 

of the preceding frame in the trial.  The standard deviations of the angle differences during the 

static trials after manual matching were 0.9˚, 0.5˚, and 0.9˚ in flexion, abduction, and external 

rotation respectively.  The standard deviations of the translation differences were 1.2 mm, 0.7 

mm, and 4.7 mm in the anterior-posterior, distal-proximal, and medial-lateral directions 

respectively. 
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Table 3-2:  Mean differences between methods.  The limits of agreement in brackets 

indicate the lower and upper limits, between which 95% of the differences between the two 

methods can be expected to fall. 

 

Difference
 
 

Static Trials 

(Manual) 

Static Trials 

(Optimized) 

Dynamic Trials 

(Manual) 

Dynamic Trials 

(Optimized) 

Flexion 

[degrees]  
-1.9*

 

(-3.7 to -0.2) 
-2.1* 

(-4.4 to 0.3) 
1.0*

 

(-1.9 to 4.1) 
0.8* 

(-2.9 to 4.5) 

Abduction 

[degrees]  
0.3 

(-0.6 to 1.2) 
0.3 

(-0.5 to 1.1) 
0.3 

(-0.5 to 1.2) 
0.3 

(-0.9 to 1.5) 

External Rotation 

[degrees]  
-0.3 

(-2.1 to 1.5) 
-1.1* 

(-3.2 to 1.0) 
-0.5

 

(-2.0 to 1.1) 
-0.2* 

(-2.4 to 2.1) 

Anterior-Posterior  

Translation [mm]  
1.4 

(-1.0 to 3.7) 
1.3 

(-1.3 to -3.8) 
0.8 

(-1.6 to 3.2) 
0.9 

(-2.0 to 3.9) 

Distal-Proximal  

Translation [mm]  
-0.7

 

(-2.2 to 0.7) 
-0.5* 

(-2.1 to 1.2) 
-1.0

 

(-2.0 to 0.0) 
-0.9* 

(-2.2 to 0.4) 

Medial-Lateral  

Translation [mm]  
1.8

 

(-7.7 to 11.3) 
1.9 

(-7.2 to 10.9) 
0.5 

(-5.3 to 6.3) 
0.7 

(-7.2 to 8.6) 

*Significant difference between the static difference and the corresponding dynamic difference 

(comparison between columns 2 and 4 or columns 3 and 5).  Statistical significance was defined by 

an adjusted p-value less than 0.05. 
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Figure 3-3:  Bland-Altman plots indicating the agreement between the two methods in 

determining relative knee joint angles during dynamic trials after manual matching.  For 

each pair of observations (one for the fluoroscopic method and one for the optoelectronic 

method), one point is plotted at the mean (horizontal axis) of the two observations and the 

difference (vertical axis) of the two observations.  One Bland-Altman figure is plotted for 

each of the rotation axes: (a) flexion, (b) abduction, and (c) external rotation.  The centre 

dotted line is plotted at the mean difference between the two methods.  The upper and lower 

dotted lines are the limits of agreement, between which 95% of differences between the two 

methods are expected to fall. 
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Figure 3-4:  Bland-Altman plots indicating the agreement between the two methods in 

determining relative knee joint translations during dynamic trials after manual matching.  

For each pair of observations (one for the fluoroscopic method and one for the 

optoelectronic method), one point is plotted at the mean (horizontal axis) of the two 

observations and the difference (vertical axis) of the two observations.  One Bland-Altman 

figure is plotted for each of the translation axes: (a) anterior-posterior, (b) distal-proximal, 

and (c) medial-lateral.  The centre dotted line is plotted at the mean difference between the 

two methods.  The upper and lower dotted lines are the limits of agreement, between which 

95% of differences between the two methods are expected to fall. 



 

48 

 

3.5 Discussion 

The objective of this study was to determine the accuracy of fluoroscopic shape matching 

using JointTrack software.  The largest absolute mean differences in relative angles between the 

fluoroscopic and optoelectronic results for any testing condition (static or dynamic) or processing 

condition (manual or optimized) were 2.1˚, 0.3˚, and 1.1˚ in flexion, abduction, and external 

rotation respectively.  The largest absolute mean differences in translation were 1.4 mm, 1.0 mm, 

and 1.9 mm in anterior-posterior, distal-proximal, and medial-lateral translations respectively. 

In most cases, the differences between the two methods were significantly different 

from zero; however, the intended application of the knee joint kinematics data would 

have to be considered to determine whether or not these errors would be acceptable.  This 

study was a pre-cursor to a study on the effect of soft tissue artefact on the accuracy of a 

skin marker motion tracking system (Chapter 4.)  The accuracy of the fluoroscopic 

method found in this study is well below that which would be required in a comparison 

with skin marker systems.   

Some dynamic trials had better results than the static trials.  Having a series of consecutive 

frames during the dynamic analysis may have been an advantage because when processing a 

given frame, the operator could also view the preceding and following frames, whereas the static 

images were processed in a random order. 

3.5.1 Previous studies reporting the accuracy of single-plane fluoroscopy 

In this study, all average errors were within 2.1˚ and 2 mm, which is in good agreement with 

the mean accuracy of the fluoroscopic approach reported by Zuffi et al. (1999) of less than 1.7˚ 

and 2.6 mm for a single static pose.  Mahfouz et al. (2003) reported smaller errors (within 0.3˚ in 
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rotation and 1.1 mm in translation), as did Banks and Hodge (1996) (within 1˚ and 1 mm); 

however, these studies were reporting a different error measure than the one reported in this 

study.  This study defined error as the angles and translations from one method subtracted from 

the angles and translations from the other method and investigated the accuracy of the method 

over a wide range of relative poses between the two implant components.  In contrast, previous 

studies calculated the error for a single relative pose between the implant components (Banks and 

Hodge, 1996; Zuffi et al., 1999) or as a series of Euler angles from an error matrix (Mahfouz et 

al., 2003).  The error matrix was a transformation between the fluoroscopically-determined pose 

of the femur component and the optoelectronically-determined pose of that same component.  

The resulting reported accuracy therefore represented the pose of the optoelectronically-located 

femur in the coordinate system of the fluoroscopically-located femur, and could not be used as a 

measure of the accuracy in determining the femur pose with respect to the tibia (knee joint 

kinematics). 

3.5.2 Potential methods of improving the accuracy of single-plane fluoroscopy 

As expected, the widest limits of agreement and the least repeatability were for medial-lateral 

translation, which was the direction perpendicular to the image plane. Although the size of the 

component silhouette changed as it was translated in the medial-lateral direction, the changes 

were subtle.  Frontal (Figure 3-2g) and axial (Figure 3-2i) views of the components were helpful 

in determining a reasonable range of medial-lateral translation between the two components; 

however, the differences between the two methods were sometimes large. 

Accuracy in estimating the position of components along the axis perpendicular to the image 

plane can be improved by using collision detection, which involves an additional matching 

criteria whereby the femoral component is not allowed to intersect with the polyethylene tibial 
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insert (Hirokawa et al., 2008; Prins et al., 2010).  This method can result in significant 

improvements in out-of-plane position accuracy; however, the pose of the tibial insert must be 

known.  The pose of the insert can be determined based on the tibial tray pose if a fixed bearing 

implant is used or based on fluoroscopic images if radiopaque beads are embedded in the insert.  

A mobile bearing implant with no beads was used in this study.  However, the methods presented 

by Yamazaki et al. (2004) could be used as part of the optimization step to improve the out-of-

plane translation in studies using similar implant designs to this one.  In that method, the out-of-

plane translation variable for a given component is optimized separately from the other five 

degree-of-freedom variables.  This two-stage optimization is based on the premise that the 

behaviour of changes in the image matching cost function due to changes in out-of-plane 

translation is significantly different than the behaviour of changes in the cost function due to 

changes in the other five degrees of freedom. 

In this study, one attempt at optimization did not significantly improve the single operator’s 

manual results:  There was no significant difference between the optimized difference and the 

manual difference between the two methods (Table 3-2:  Compare columns 2 and 3 for static 

trials or columns 4 and 5 for dynamic trials).  However, other optimization metrics may produce 

better results if improved accuracy is required.  A comparison of optimization algorithms is 

beyond the scope of this study; however, the JointTrack software offers several choices of 

optimization algorithm and allows the user to modify the parameters of the cost function or the 

optimization algorithms.  Users could also modify the open-source code to incorporate their own 

optimization methods if desired. 
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3.5.3 Alternatives to single-plane fluoroscopy for determining knee kinematics 

Biplanar imaging methods have the advantage of a second view, which can significantly 

increase the accuracy of pose estimation over single plane fluoroscopy, especially in out-of-plane 

translations.  However, some methods require the implantation of beads into the bone, or can 

further limit the activities that can be studied, due to constraints placed on the motion of the 

patient (Mahfouz et al., 2003; Tashman and Anderst, 2003; Bingham and Li, 2006). 

Bone pins have also been used to track knee joint motion because they overcome the skin 

motion artefact, which introduces error in systems where markers are placed on the skin.  

However, bone pins can be painful and present a small risk of infection for the subject.  While 

each method has its appropriate application, the goal of this study was to determine the accuracy 

of the single-plane fluoroscopy shape matching method in calculating relative translations and 

orientations between total knee replacement components.  The limits of agreement (in brackets in 

Table 3-2) indicate good agreement and show that even the potential extreme differences are well 

below errors that have been reported for skin marker systems.  This finding indicates that the 

fluoroscopic shape matching approach, though somewhat less accurate, could be used as an 

alternative to the more invasive bone pin approach in a comparison with skin markers systems to 

estimate their accuracy.   

3.5.4 Limitations 

While the results of this study provide a guideline for the accuracy of the fluoroscopy shape 

matching technique using this software, they are limited in that this study focused on only one 

joint, the knee, and used only one total knee replacement design.  Other designs (or models of 

natural knee bones) may have more or less distinct features, making them easier or harder to 

manually match.  In addition, this study was performed on Sawbones, which can be considered a 
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“best case scenario” and provides bounds on the accuracy that is achievable.  In the study of 

human subjects, the contrast between the implant, cement, bone, and surrounding soft tissue may 

not be as clear. 

Finally, uncertainty in the optoelectronic data (locating components, digitizing landmarks) 

would have contributed to the differences between the methods (Table 3-2).  An individual 

infrared marker can be located to within 0.15 mm (Northern Digital Inc., Waterloo, Ontario, 

Canada).  During the static trials, the standard deviations of the optoelectronically-determined 

angles and translations of the femur with respect to the tibia were less than 0.008˚ and 0.02 mm.  

This variation is at minimum an order of magnitude smaller than the variation in differences 

between the two methods for the same static trials, indicating that optoelectronic contributions to 

uncertainty in determining knee joint kinematics were negligible. 
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Chapter 4 

A PROTOCOL FOR INVESTIGATING THE EFFECT OF SOFT 

TISSUE MOTION ON KNEE KINEMATICS DETERMINED BY 

TRACKING SKIN-MOUNTED SENSORS 

 

4.1 Motivation 

In Chapter 2, the Fastrak electromagnetic tracking system was used to determine knee joint 

kinematics during kneeling, praying, squatting, and cross-legged sitting.  While the mean curves 

for the kinematics in that study were within reasonable ranges (Figures 2-2 through 2-5, thick 

lines), the ranges of non-sagittal rotations found in Chapter 2 were large for some subjects, 

indicated by the wide standard deviations (Figure 2-2 through Figure 2-5, thin lines).  Soft tissue 

artefact occurs when the skin to which tracking markers are attached and the underlying soft 

tissues move with respect to the underlying bone.  The result is that motion of the skin and soft 

tissue confounds the motion of the bone.  Soft tissue artefact was identified as one potential 

contributor to the wide standard deviations on the non-sagittal knee kinematics curves in Chapter 

2, which motivated the development of the protocol used in this pilot study to determine the 

effect of soft tissue artefact on knee kinematics measured using the Fastrak tracking system.   

In determining high flexion knee kinematics using the Fastrak motion tracking system, three 

factors make the soft tissue artefact of particular concern: 

1. The Fastrak system uses only one marker (sensor) per segment.  The system outputs the 

position of the sensor’s origin and the orientation of its coordinate system.  The small size 
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of the sensors (surface area on the skin less than 22.9 mm x 28.3 mm) makes them 

susceptible to changes in orientation due to localized soft tissue movement. 

2. The tibiofemoral joint consists of the thigh and shank segments.  The femur segment in 

particular has increased soft tissue compared to most segments of the body. 

3. In high flexion when the posterior thigh and calf are in contact, more soft tissue distortion 

occurs on both the thigh and calf compared to lower flexion activities like gait. 

4.2 Introduction 

In the study of knee biomechanics, it is desirable to use non-invasive methods of joint 

tracking to minimize the burden on study subjects.  Often, this means using systems based on 

tracking markers that are attached to the skin instead of being attached to the bones that make up 

the joint being studied.  Skin marker systems can be video-based, optoelectronic, or 

electromagnetic.  The advantage of an electromagnetic tracking system (in addition to being non-

invasive) is that it does not require a line of sight.  With optoelectronic and video systems, if a 

marker cannot be seen in the view of the infrared or video camera, the position and orientation of 

that marker cannot be recorded.  During high flexion activities, such as kneeling, squatting, or 

sitting cross-legged, data would be lost when one segment crosses in front of the other, blocking 

the line of sight between the markers and the cameras (Brown, 2004).  With the electromagnetic 

system, no data are lost when the markers are covered by subjects’ limbs or clothing, meaning 

that the subjects can perform the activity as they normally do, with little restriction due to marker 

placement.  

4.2.1 Previous work reporting the effect of soft tissue artefact on motion tracking 

The effect of soft tissue artefact on the accuracy of lower limb joint kinematics has been 

investigated previously by comparing a tracking method that was susceptible to the effects of soft 
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tissue artefact (based on skin-mounted tracking targets) to a system that was not susceptible to 

soft tissue artefact (based on bone-mounted tracking targets or direct bone tracking). The bone 

tracking methods used for comparison during dynamic data collection have included internal 

trackers (either tracking the bones directly or tracking arthroplasty components that are implanted 

in the bones) and external bone-fixed trackers (percutaneous skeletal trackers, external fracture 

fixators, and intracortical pins) (Peters et al., 2010). 

Sati et al. (1996) used skin-mounted radiopaque beads attached to the skin over the medial 

and lateral femur and assessed how far the beads moved in the anterior-posterior and distal-

proximal directions with respect to the fluoroscopically-tracked underlying bone during a knee 

flexion cycle.  Holden et al. (1997) tracked retro-reflective skin markers on the shank during 

walking and reported the movement of the markers with respect to retro-reflective markers 

attached to a percutaneous skeletal tracker.  In a study by Stagni et al. (2005), total knee 

replacement patients performed stair climbing, step-up/down, sit-to-stand, stand-to-sit, and knee 

extension activities.  The bone motion was determined by tracking the total knee replacement 

components using fluoroscopy, and the skin marker motion was recorded optoelectronically.  The 

fluoroscopic and optoelectronic data were synchronized by using the correlation of the trajectory 

of a marker that could be tracked by both systems.  Manal et al. (2003) also used a tibial 

percutaneous skeletal tracker with retro-reflective markers to track bone motion during walking 

and compared it to the motion of a plate-mounted retro-reflective skin marker set.  Benoit et al. 

(2006) simultaneously tracked the thigh and shank segments using retro-reflective markers 

attached to the skin and to bone pins during walking and cutting manoeuvres.  Garling et al. 

(2007) tracked radiopaque beads in two different skin-mounted configurations during a step-up 

using fluoroscopic shape matching.  The motion of the skin-mounted beads was compared to the 
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motion of the underlying bone, which was determined by fluoroscopic shape matching of the 

subjects’ total knee replacement components. 

Peters (2010) classified the ways in which soft tissue artefact can be expressed as “direct” or 

“indirect.”  Direct measures reported the actual movement (translation) of the skin markers or 

skin marker based coordinate system relative to the coordinate system of the bone or bone-fixed 

tracker (Sati et al., 1996; Manal et al., 2003).  Indirect measures reported the effect on outcome 

measures that might be used in a joint biomechanics study, such as joint angles and translations 

(Benoit et al., 2006) or joint reaction forces (Holden et al., 1997).  Some studies reported only one 

type of error metric, while other studies (Garling et al., 2007; Stagni et al., 2005) have reported 

both direct and indirect measures of the error resulting from soft tissue artefact. 

The protocol presented in this study was developed so that the results could specifically apply 

to the application in which the system was used in Chapter 2 (using the Fastrak sensors in the 

same placement during high flexion activities).  Many of the previous studies used protocols that 

did not include high flexion or used skin-mounted marker configurations that were very different 

from the Fastrak sensor configuration, meaning the results might not be reasonable estimates of 

soft tissue artefact for the protocol in Chapter 2. 

4.3 Objective 

In this study, the motion of skin-mounted Fastrak sensors was compared to the motion of 

bone-fixed total knee replacement components.  Both the sensors and the total knee replacement 

components were simultaneously tracked using fluoroscopy during high flexion activities. 

Fluoroscopic methods of motion tracking can overcome soft tissue artefact because the bones (or 

beads or arthroplasty components that are implanted in the bones) can be viewed in the 

radiographic image without the motion of the bones being confounded by soft tissue motion.  The 
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use of single plane fluoroscopic shape matching to track the motion of total knee replacement 

components is based on the concept that the shape of an object’s silhouette in a radiographic 

image will be unique, based on its geometry and its position and orientation in the imaging space.  

Shape matching software is used to match the shape of three-dimensional models of the object to 

the shape of the object’s silhouette in the image.  Previous work (Chapter 3) has shown that, on 

average, this single-plane fluoroscopic shape matching method can determine the relative pose 

between a femoral and tibial total knee replacement component to within 2.1º in rotation and 2.0 

mm in translation.   

The objective of this study was to test a protocol for determining the effect of soft tissue 

motion in determining knee joint rotations during high flexion activities using the Fastrak 

tracking system.  The protocol was tested on one pilot subject.  The pilot results are presented, as 

are recommendations for future work in determining the accuracy of this tracking system for 

determining knee joint angles during high flexion activities. 

4.4 Methods 

This study was approved by the Research Ethics Board at Queen’s University.  The following 

protocol was carried out with one test subject who provided his informed consent.  He had a mass 

of 90 kg and was 1.635 m tall.  The subject had a right total knee replacement (PFC Sigma, 

nonporous femoral component size 3 and porous tibial component size 2.5, DePuy Orthopaedics, 

Warsaw, IN, USA) and was 13 months post-op. 

One sensor was fixed to the skin on the subject’s thigh and one sensor was fixed to the skin 

on his shank, in the same configuration as was used for tracking segment kinematics for the 

subjects in Chapter 2.  Sensors were placed on the lateral aspect of segments and were placed 

distally to avoid areas of large wobbling mass and muscle bellies (Hemmerich, 2004). 
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In this protocol, fluoroscopic image matching was used to track the motion of the Fastrak 

sensors and the motion of the implanted total knee replacement components.  In a typical 

application, tracking of the Fastrak sensor is accomplished using the Fastrak data acquisition 

system.  The system output is the position and orientation of each sensor.  However, in order to 

ensure good data with no distortion of the system output, the data collection must be done with 

little to no interfering metal or external electromagnetic fields in the measurement field of the 

Fastrak system.  Normally, this absence of interference is easily accomplished by ensuring that 

the subject has no interfering metal on the person and by carrying out data collection on a raised 

non-metal platform with a non-conducting force plate, as was done in Chapter 2.  Because the 

bone tracking in this study was to be completed using fluoroscopic imaging, the measurement 

field of the Fastrak system could not be free of interference.  Preliminary experiments were 

carried out where an attempt was made to track the motion of an object by collecting data using 

the Fastrak system while simultaneously collecting fluoroscopic images of the moving object.  

The collected data showed significant distortion and confirmed the findings of Hummel et al. 

(2002), which stated that the C-arm fluoroscopy unit caused large distortions of data from an 

electromagnetic motion tracking system.  A choice was made to use the fluoroscope to track both 

the bone-fixed components and the skin-mounted sensors, as was done in a previous soft tissue 

artefact study (Garling et al., 2007), so that the data collection from the two systems could be 

simultaneous.  Another option would have been to collect data using one system and then have 

the subject repeat the activity while data were collected using the other system.  However, the 

data would not have been simultaneous, there would be no guarantee the subject performed the 

activity repeatably from one system set-up to the next, and synchronization of the data may not 

have been possible. 
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The subject performed two activities: a one-legged kneel on a bench (height: 356 mm) and a 

step-up onto a 381 mm step.  The kneeling activity was carried out with the shin on the top 

surface of the kneeling bench, while the foot of the opposite leg was on the floor, making the 

kneeling knee bent, while the opposite leg remained in a standing or slightly squatted position.  

The subject was positioned in a manner so that his femoral and tibial total knee replacement 

components and the femoral sensor were in the field of view of a C-arm fluoroscope (MPi, 

General Electric, Waukesha, WI, USA).  Because of the limited field of view of the fluoroscope, 

an attachment with eight radiopaque beads was attached to the tibial sensor.  The attachment 

extended proximally and posteriorly along the tibia in order to ensure that the position and 

orientation of the tibia sensor could be determined in all frames, even when the sensor itself was 

not visible (Figure 4-1).  The subject wore a leaded apron for gonadal protection from radiation.   
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4.4.1 Determining the pose of the tibial and femoral components 

JointTrack fluoroscopic shape matching software (University of Florida, Gainesville, FL, 

USA) was used to determine the position and orientation of the femoral and tibial components 

and the femoral and tibial sensors in fluoroscopic images.  The images were collected at 7.5 Hz 

while the subject performed the activities.  “Measured” component poses were determined based 

directly on the pose of the components, while “predicted” component poses were calculated based 

on transforming the sensor pose by a reference transformation. 

A single image (the “reference position image”, Figure 4-2) was collected while the subject 

stood in an upright position.  The two total knee replacement components, the femoral sensor and 

Femoral sensor 

Radiopaque beads 

rigidly fixed in an 

extension attached 

to the tibial sensor 

Leaded apron 

Femoral component 

Tibial component 

Figure 4-1:  Fluoroscopic image of the subject’s knee during the step-up activity.  The 

femoral sensor, femoral component, and tibial component are visible.  The tibial sensor is out 

of the field view on the distal tibia; however, a radioluscent extension was rigidly attached to 

the tibial sensor.  The extension contained eight radiopaque beads that are visible in the 

image. 
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the beads in the tibial sensor extension were visible in the image.  A transformation between the 

femoral component and femoral sensor and a transformation between the tibial component and 

the tibial sensor were calculated, as shown below, and were referred to as the femoral and tibial 

reference transformations respectively. 
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 is the reference transformation between the tibial component and 

tibial sensor (the tibial reference transformation), 

      
       

         
       
      

 is the reference transformation between the femoral component 

and femoral sensor (the femoral reference transformation), and 

           

      
 is the pose of an object (a component or sensor) in the image 

coordinate system.  The object pose is output by the image matching 

software after shape matching. 
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Reference position -  used to determine        

   
(a) (b) (c) 

Figure 4-2:  A depiction of how the tibial reference transformation was determined.  (a-c) 

The reference image.  A single image was taken with the subject in upright, two-legged 

stance with the femoral sensor (cropped off), both components, and the beads from the 

tibial sensor visible.  (a & b)  The tibial component and sensor (beads) were individually 

shape matched in the reference image to determine the pose of each.  (c) The constant 

transform,              

      
         

      
      

, represented by the red arrow, was determined 

from the two poses in (a) and (b). 

 

To determine the predicted pose of the femoral component during the kneeling or deep knee 

bend activity, the pose of the femoral sensor was determined from the fluoroscopic image using 

shape matching.  The pose of the sensor was then transformed using the femoral reference 

transformation to determine the predicted femoral component pose, as described on the next page.  

The same was done for the tibial component, based on the tibial sensor. 
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where  

            
     

      
          is the predicted pose of the tibial component in the image 

coordinate system 

            
     

       
          is the predicted pose of the femoral component in the image 

coordinate system 

        
       is the pose of a sensor in the image coordinate system.  The sensor pose 

is output by the image matching software after image matching. 

 

 

Trial frame -  uses the transformation,       , that was determined from the reference position 

    
(a) (b) (c) (d) 

Figure 4-3:  A depiction of the process for predicting the pose of the tibial component 

during a frame of the step-up trial.  Fluoroscopic images have been cropped to remove 

identifying information and to focus on components.  (a & b)  The tibia (blue) and beads 

(orange) were shape matched individually.  (c) Using the constant tibial reference transform 

from Figure 4-2c, the predicted tibial pose is determined based on the shape matched beads. 

(d) To determine the error in estimating the pose of the tibia based on the sensor, the 

measured pose of the tibia (blue) is compared to the predicted pose of the tibia (orange). 
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The knee joint kinematics were determined by calculating a transformation between the 

femoral and tibial components, as shown below.  

   
       

         
      

         
         

  
      

         
         

       
         

 

            
       

         
      

         

             
     

  
      

         
             

     

       
           

 

In summary, the reference position image was processed to determine the femoral and tibial 

reference transformations.  From the kneeling and step-up trials, each image frame was shape 

matched to determine:  the predicted and measured pose of the femoral component in the image 

coordinate system, the predicted and measured pose of the tibial component in the image 

coordinate system, and the predicted and measured transformation between the tibial component 

and the femoral component.  From each of these pose or transformation matrices, three rotations 

and three translations were determined. 

4.4.2 Defining the error due to soft tissue artefact 

Three different definitions of error were determined from the data collected in this study.  

The first was a direct measure of the motion of the sensors with respect to the component 

coordinate systems.  The maximum and minimum distances between a component’s origin and its 

respective sensor origin were calculated based on          
         

 and were used to calculate 

a range of distances between the component and sensor throughout a given trial.  Origins of 

components and sensors were defined based on the coordinate systems in their respective CAD 

model files. 
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The second measure indicated the accuracy with which a given component could be located 

and oriented in a global coordinate system based on the pose of the corresponding sensor.  In this 

case, the imaging coordinate system was used as a global system, but it could be representative of 

the global coordinate system of the Fastrak system.  The origin of the image coordinate system 

was at the centre of the image.  The x- and y-axes were horizontal to the right and vertical 

upwards, respectively, from the origin. The z-axis was perpendicular to the imaging plane and 

was positive as defined by the cross-product of the x- and y-axes.   The position coordinates and 

orientation angles extracted from the predicted pose matrices,             , were subtracted from 

the position coordinates and orientation angles from the measured pose matrices,    , for each 

component individually.  This error metric would be important for applications where the interest 

is in the location and orientation of a single segment, such as an input to an inverse dynamics 

model that uses a “bottom-up” approach, where only the orientation of the shank (and foot, if 

modeled separately) would contribute to the calculation of knee kinetics. 

The third error metric indicated the accuracy of the predicted knee kinematics based on the 

sensor poses.  The knee joint angles and translations extracted from the predicted transformation 

between the femoral and tibial components,             
       

         
      

         

, were subtracted 

from the knee joint angles and translations extracted from the measured transformation between 

the femoral and tibial components,    
       

         
      

         
.  This metric is important in defining 

the accuracy of knee kinematics determined using the skin-mounted sensors, as was done in 

Chapter 2. 

Finally, the protocol was evaluated based on ability to determine the desired error measures, 

and recommendations were given to improve data collection and processing. 
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4.5 Results 

One trial per activity is presented in these results.  Knee flexion ranged from 0.4º to 98.5º 

during the step-up activity and from 96.8º to 111.0º during the kneeling activity, based on 

fluoroscopic shape matching of the femoral and tibial components.  The errors resulting from soft 

tissue motion are presented in the following sections, separated by error definition and activity. 

4.5.1 Translational motion of the skin-mounted sensor with respect to the bone-fixed total 

knee replacement component 

  During the step-up, the distance between the origin of the femoral component and the origin 

of the femoral marker ranged from 128.0 mm to 162.1 mm, a range of 34.1 mm.  The distance 

between the origin of the tibial component and the origin of the tibial marker ranged from 136.6 

mm to 161.3 mm, a range of 24.7 mm.  During the step-up, the largest variation (standard 

deviation) in the distance between the skin-mounted marker and the component occurred in the 

medial-lateral direction (more than five times the standard deviation of the motion along each of 

the other two axes for the tibia and more than 2.5 times the standard deviation of the motion 

along each of the other two axes for the femur). 

During the one-legged kneel, the distance between the origin of the femoral component and 

the origin of the femoral marker ranged from 149.5 mm to 156.8 mm, a difference of 7.6 mm.  

The distance between the origin of the tibial component and the origin of the tibial marker ranged 

from 129.0 mm to 148.3 mm, a range of 19.3 mm.  During the one-legged kneel, the largest 

variation (standard deviation) in the distance between tibial skin-mounted marker and the tibial 

component occurred in the medial-lateral direction (more than four times the standard deviation 

of the motion along each of the other two axes). 
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4.5.2 Accuracy of locating and orientating a bone-fixed component in the global (image) 

coordinate system using a skin-mounted sensor 

The mean error in locating the femoral component was much larger than the mean error in 

locating the tibial component (position error, Table 4-1), especially along the image Z-axis, which 

is the axis perpendicular to the imaging plane.  The mean errors in orientating each of the 

components about the Z-axis during the step-up activity and the femoral component during the 

kneel activity are also large (orientation error, Table 4-1).  The standard deviations of the errors in 

position and orientation are smaller for the tibial component than for the femoral component, 

indicating that the error is less variable for the tibia than the femur.  This finding was to be 

expected due to increased soft tissue volume on the femur.   

Table 4-1:  Mean and standard deviation (S.D.) of the error in determining the position and 

orientation of the femoral and tibial component in the image coordinate system based on 

the pose of the skin-mounted sensor. 

Activity Error 

Image coordinate 

system axis 

Femoral 

component 

Tibial 

component 

Step –up 

Position 

[mm] 

X (Horizontal) -18.4 (8.4) -5.9 (4.6) 

Y (Vertical) 17.7 (10.3) -3.4 (3.3) 

Z (Out-of-plane) -52.0 (16.0) 2.3 (1.4) 

Orientation 

[degrees] 

X (Horizontal) 2.9 (4.2) 4.0 (1.0) 

Y (Vertical) -2.4 (4.7) -2.3 (1.4) 

Z (Out-of-plane) -10.0 (4.1) 0.0 (1.2) 

Kneel 

Position  

[mm] 

X (Horizontal) -37.4 (3.0) -3.9 (2.3) 

Y (Vertical) 12.1 (4.1) -12.5 (2.0) 

Z (Out-of-plane) -25.3 (2.8) -10.5 (6.2) 

Orientation 

[degrees] 

X (Horizontal) 9.3 (0.6) -1.0 (1.3) 

Y (Vertical) -0.2 (1.2) -4.6 (1.0) 

Z (Out-of-plane) -16.4 (1.1) 0.5 (0.6) 

 

4.5.3 Accuracy of determining knee joint kinematics using skin-mounted sensors 

Because near-sagittal view images were used in this study, the imaging Z-axis is close to the 

knee flexion axis.  The large mean errors in orienting the components about the Z-axis (Table 

4-1) are reflected in the large mean flexion angle errors (Table 4-2).  The standard deviations are 
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less than 5.4º for the angle errors and less than 15.5 mm for the translation errors.  The standard 

deviations were largest on the error in locating the femoral component in the imaging coordinate 

system during the step-up activity (Table 4-1), which is reflected in the large standard deviations 

on the knee translation errors for the same activity. 

Table 4-2:  Mean and standard deviation (S.D.) of the error in determining relative 

kinematics between the femoral and tibial component based on the pose of skin-mounted 

sensors on the thigh and shank. 

Activity Error type Axis Error 

Step –up 

Knee Angles [deg] 

Flexion 10.5 (5.4) 

Abduction 5.2 (4.2) 

External Rotation -0.4 (5.3) 

Knee Translations 

[mm] 

Anterior-Posterior -4.9 (9.2) 

Proximal-Distal -34.7 (10.8) 

Medial-Lateral -50.1 (15.5) 

Kneel 

Knee Angles [deg] 

Flexion 16.1 (1.5) 

Abduction -1.6 (2.3) 

External Rotation 5.7 (1.3) 

Knee Translations 

[mm] 

Anterior-Posterior 23.3 (5.2) 

Proximal-Distal 34.7 (4.1) 

Medial-Lateral -13.4 (7.4) 

 

4.6 Discussion 

From the data collected, it was possible to calculate all error metrics.  In the sections that 

follow, the results from this pilot study are compared to previously published studies of soft tissue 

artefact in the lower limb, and recommendations are given for improving the protocol.  The 

comparisons with previous literature are illustrative but no definitive conclusions can be drawn 

from a single subject. 

When comparing a system that is susceptible to soft tissue artefact to one that is not, the mean 

difference (error) between the two systems represents a bias in measurement between the two 

systems.  If a large bias due to soft tissue artefact is found between the two systems, it would be 

of less concern than a large variation because even a large bias, if relatively constant, might be 
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corrected for.  The standard deviation of the error is a measure of the variation in the soft tissue 

artefact, and a highly variable error is more difficult or could be impossible to correct.  Therefore, 

the variability of the error is just as important as the average of the error when determining the 

effect of soft tissue artefact on segment or joint kinematics. 

During the step-up activity, the standard deviations (variability) of the errors in predicting the 

femur pose were larger than the standard deviations of the errors in predicting the tibia pose 

(Table 4-1).  This finding is most likely due to the increased soft tissue on the thigh compared to 

the shank.  During the kneeling trial; however, the standard deviations for both the femur and 

tibia are all 4.1º or less in orientation and 1.2 mm or less in translation, indicating that the error in 

orienting both components was relatively constant.  The mean error can be considered a bias 

between the two methods and is to be expected because the transformation between the sensors 

and their corresponding components,       , is assumed constant based on the reference position, 

even though the sensors are moving relative to the underlying bone by up to 31.4 mm.   

4.6.1 Comparison with previous study results 

In previous work, this Fastrak skin marker system has been used to study high flexion 

activities in two different subject groups (Hemmerich et al., 2006; Ladouceur, 2000).  Hemmerich 

(2004) investigated the soft tissue motion in high flexion for a single subject by digitizing bony 

landmarks in both a standing position and subsequently digitizing the same landmarks while the 

subject was in a full squat (approximately 150º knee flexion).  From each of these positions, a 

transformation between the bone and the marker coordinate systems was determined.  Knee joint 

angles at maximum flexion were calculated based on marker positions and each of the two 

transformation matrices.  The knee angles calculated based on the standing digitization were 

compared with those based on the squatting digitization.  The differences at the subject’s 
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maximum flexion (approximately 150º) were 11.4º in flexion, 11.7º in abduction, and 7.5º in axial 

rotation (Hemmerich, 2004).  The errors found in the current study at the subject’s maximum 

flexion (111º during the kneeling activity) were 17.4º in flexion, 0.0º in abduction, and 6.4º in 

external rotation.   

By comparing skin-mounted markers to bone-mounted (percutaneous skeletal tracker) 

markers during walking, Manal et al. (2003) found that average translation errors in locating the 

tibia during walking were 7.1 mm, 3.7 mm, and 2.1 mm along the axes forming the laboratory 

coordinate directions (no standard deviations reported), compared to errors of 6.0 mm, 3.4 mm, 

and 2.4 mm along the axes forming the imaging coordinate system during the step-up in the 

current study.  The laboratory coordinate system formed the global frame in the study by Manal 

et al. (2003), while the imaging coordinate system formed the global frame in the current study.  

The mean values from the single subject during a step-up in this pilot study are similar to those 

reported for seven subjects during walking by Manal et al. (2003); however, without standard 

deviations, the variability in the error cannot be compared.  Benoit et al. (2006) compared skin-

mounted markers to bone-mounted markers (intracortical bone pins) during the stance phase of 

walking.  The maximum rotational errors from any single subject (of six subjects total) in 

estimating the knee joint angles based on the skin markers were approximately 8º in flexion, 

approximately 10º in abduction, and approximately 10º in external rotation (estimated from 

graphs in Benoit et al., 2006), compared to 20.9º, 14.4º, and 9.2º in the current study for a step-up 

that reached higher flexion than during walking.  The maximum error of 20.9º in flexion from the 

current study is large because the bias (mean) in the flexion error for the step-up trial is large at 

10.5º. 
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The protocol from a soft tissue artefact study by Garling et al. (2007) was similar to the 

protocol in this study.  Single-plane fluoroscopic shape matching was used to locate both skin 

markers and total knee replacement components during a step-up onto an 18 cm step.  For 

subjects reaching approximately 60º in knee flexion during the step-up, the maximum error for 

any single subject (of five subjects total) in estimating knee abduction based on skin-mounted 

markers was approximately 11º and the maximum error in estimating external rotation was 

approximately 7º (estimated from graphs in Garling et al., 2007), compared to 14.4º and 8.9º in 

abduction and external rotation in this study for a subject reaching 98.5º flexion during a step-up.  

For external rotation and abduction, the results of the current study on one pilot subject are 

comparable to previous studies on multiple subjects (Benoit et al., 2006; Garling et al., 2007; 

Manal et al., 2003; Hemmerich, 2004).   

In the soft tissue artefact study by Garling et al. (2007), skin markers were attached in two 

different ways: strap-mounted or plate-mounted.  The skin contact area under the strap-mounted 

marker set was much smaller than the surface area under the plate-mounted skin markers.  For the 

plate-mounted marker set-up, the femoral plate was 140 mm x 240 mm and the tibial plate was 

120 mm x 240 mm.  Garling et al. found that the error for the strap-mounted marker set was 

larger than for the plate-mounted marker set.  Similar to the small sensors in this study, the strap-

mounted markers would be more susceptible to localized soft tissue distortions due to the 

decreased skin contact area.   

The current study differed from previous study protocols in several ways: 

1. The maximum flexion achieved by the subject(s) was different.  Most previous studies 

involved walking or a low step-up (Manal et al., 2003; Holden et al., 1997; Garling et al., 
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2007; Benoit et al., 2006), whereas the subject in the current study reached 98.5º during 

the step-up and 111º flexion during the kneeling activity. 

2. The placement of the sensors was different.  In the study by Garling et al. (2007), which 

had the protocol most similar to the current study, the tibial strap-mounted sensor was 

placed on the anterior, proximal tibia. 

3. The sensor or marker-cluster sizes were larger than in the current study.  Some studies 

used marker sets with larger contact areas against the skin or a large distance between 

markers (Benoit et al., 2006; Garling et al., 2007; Manal et al., 2003), or used marker 

grids covering the segment (Stagni et al., 2005). 

4.6.2 Protocol limitations and recommendations 

The protocol proposed in this study was carried out on only one subject.  While no 

generalized conclusions can be drawn from the results based on one subject, the participation of 

the pilot subject provided a good test of the protocol.  Several protocol recommendations for 

future work resulted from the data collection and processing for this subject. 

When the original protocol was prepared, an extension was added to the tibial component to 

ensure that it could be seen even when it was outside the bounds of the fluoroscopic image.  In 

future work, the same should be done with the femur sensor due to low contrast between the 

femur and the sensor and due to the symmetry of the sensor (Figure 4-1).  The use of a femoral 

extension with radiopaque beads would improve the data acquisition and processing in the 

following ways: 

1. The contrast between the beads and the underlying tissues is much more distinct than the 

contrast between the sensor and the underlying tissues, and would make the extracted 

contours in the image matching software clearer. 
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2. A non-symmetric bead pattern will help distinguish the orientation of the symmetric 

marker. 

3. If the extension was designed so that the radiopaque beads were distal and posterior to 

the marker, it would also allow the position and orientation of the femur sensor to be 

determined if at any time the leaded apron covered the sensor. 

4. The larger spacing between the beads and sensor might aid in shape matching to improve 

the estimate of position along the axis perpendicular to the image plane.  In this study, the 

range of the distance between the femoral sensor origin and the corresponding femoral 

component origin was 34.1 mm during the step-up activity.  The largest variation in this 

distance was along the image z-axis (the axis perpendicular to the image plane).  In 

Chapter 3, it was determined that the fluoroscopic shape matching approach was the least 

accurate in locating the component along this axis.  The use of beads in a femoral 

extension may help in locating the femoral sensor along this image axis more accurately 

and would decrease some of the positional error in the predicted femoral pose.   

 

Figure 4-4 demonstrates some of the difficulties in shape-matching the femoral sensor that 

might be overcome by adding an extension with beads.  Two different orientations of the CAD 

model of the sensor can both result in good shape matches.  In fact, there is a difference of 34.1 

mm in the z-coordinate (along the axis perpendicular to the image plane) between pose A and 

pose B in Figure 4-4, despite similar shape matches.  If the femoral sensor had an extension with 

a pattern of asymmetric beads, it would be clear which of these poses (position and orientation) is 

correct. 
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Figure 4-4:  LEFT: The “edge” view of a fluoroscopic image where the femoral sensor is 

near the centre of the image (red circle).  RIGHT:  The “image” view of the same 

fluoroscopic image. When a CAD model of the femoral sensor is imported into the software 

(RIGHT, A&B), the “edge” view (LEFT, A&B) is used to match the contour of the sensor in 

the image (white outline) to the contour of the CAD model (blue outline).  Both matches 

(LEFT, A&B) are good; however, the poses of the CAD model (RIGHT, A&B) that 

correspond to the matches are quite different.  Due to the symmetry of the sensor geometry 

and the low contrast between the sensor and the underlying bone (resulting in a wavy white 

outline instead of crisp edges), there is no way to distinguish which match (A or B) is 

correct. 

 

During the step-up, as the subject leaned forward and shifted his weight onto the foot on the 

step, the imaged knee moved forward in the image and occasionally the components moved out 

of the bounds of the fluoroscopic image (Figure 4-4, for example).  The step-up starting position 

should be set so that the knee is as far to one side of the image as possible so that the subject can 

A A B B 
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translate the knee joint as far anteriorly as possible before the total knee replacement components 

leave the fluoroscopic field of view. 

The large bias in flexion indicates that the standing reference position may not have been the 

best position to use for determining the constant reference transformation between the markers 

and corresponding components.  The two-legged stance reference position was used in order to 

ensure that the results would be applicable to the kinematics from Chapter 2, where the study 

protocol used a constant reference transformation between the sensor-fixed coordinate system and 

the bone-fixed coordinate system from an upright, two-legged stance reference position.  Future 

work could investigate the use of one or more different reference poses. 

Another protocol consideration should be the viewing settings for the fluoroscopic images.  

Fluoroscopic images can be viewed in many different orientations.  The fluoroscope technician or 

an examining physician can choose to rotate the image or flip the image vertically or horizontally.  

The shape matching operator should know what the viewing settings are because the images may 

have to be flipped horizontally before shape matching can be carried out. 

The previous recommendations will increase the number of usable images from data 

collection and will facilitate shape matching during data processing. However, some limitations 

will remain in the protocol.  Because the large fluoroscope interferes with data collection using 

the electromagnetic system, the orientation of sensors was determined using shape matching in 

fluoroscopic images instead of using readings directly from the electromagnetic system.  

Therefore, this protocol will not measure electromagnetic interference nor the accuracy with 

which the electromagnetic system measures the position and orientation of its sensors.  Also, in a 

typical motion tracking application, this electromagnetic tracking system is used to track the 

motion of bones, as opposed to the motion of implant components.  Bony landmarks on the 
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subject’s foot, shank, thigh, and pelvis would be digitized and used to create a bone-fixed 

coordinate system for each segment.  The results of the protocol that was piloted in this study 

would not take into account the uncertainty in locating the bony landmarks that define the bone-

fixed coordinate systems. 

The proposed protocol and ensuing recommendations can be used to determine the effect of 

thigh and calf soft tissue motion on determining knee joint rotations using sensors attached to the 

skin.  The data from this pilot study provide a starting point for future work and give some idea of 

what errors might be seen in the knee joint rotations.  Additional subjects must be studied to 

determine results that can be generalized to similar populations. 
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Chapter 5 

TIBIOFEMORAL JOINT CONTACT FORCES AND KNEE 

KINEMATICS DURING SQUATTING 

 

5.1 Abstract 

Axial tibiofemoral joint contact forces were non-invasively determined for two high range of 

motion (high flexion) squatting activities. An electromagnetic motion tracking system and a non-

conductive force platform were used to collect kinematic and kinetic data.  One subject attained a 

peak axial tibiofemoral joint contact force of 49.7 N/kg during squatting at 149.9° knee flexion.  

Average joint angles and average axial joint contact forces were calculated for each of the 

activities in order to facilitate a comparison with stair climbing data.  Compared to stair climbing, 

the maximum average joint contact forces during the squatting activities occurred at significantly 

higher flexion angles (p<0.05).  The relative simplicity of the method makes it useful for 

application to large subject groups from diverse regions.  The results of this study can be applied 

to the diagnosis and treatment of pathologies and to the development of high flexion knee 

replacements. 

5.2 Introduction 

5.2.1 High flexion activities of daily living and joint disease 

Joint disease, such as osteoarthritis, can hinder activities of daily living, especially high 

flexion tasks.  Published data regarding kinematics and kinetics of high flexion activities are 

limited (Nagura et al., 2002).  In North America, high flexion activities may include gardening, 

floor sitting, yoga, and some golf tasks (Kurosaka et al., 2002).  In Asia and the Middle East, a 
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large range of knee flexion is required for praying and daily floor level tasks, such as toileting, 

washing, and family meals (Hemmerich et al., 2006). 

Knowledge of healthy knee kinematics and kinetics is valuable for identifying possible 

causes of joint disease and developing or improving treatment options, including partial and total 

knee arthroplasty.  Kinematic and kinetic data are presented in this study for a small, healthy, 

North American subject group.  The data collection and processing techniques can be clinically 

applied in diagnosing or monitoring joint disease and for pre- and post-operative evaluation.  

Wright and Maher (2003) stated that “the usefulness of pre-clinical testing (of implants) depends 

on how well the test simulates the clinical situation.”  They identified “knowing the magnitudes 

and direction of joint forces to simulate a worst case scenario” as a major challenge to designing 

such pre-clinical test protocols (Wright and Maher, 2003).  In this study, axial tibiofemoral joint 

contact forces are predicted during full flexion squatting and can be used for high flexion 

prosthesis development during finite element analysis or pre-clinical fatigue and joint simulator 

testing.   

5.2.2 Tibiofemoral joint contact forces 

The tibiofemoral joint contact force is the force exerted on the articulating surfaces of the 

tibia and femur.  It includes the effect of the net joint reaction force and the forces exerted by the 

muscles and ligaments crossing the knee joint.  Taylor et al. (2004) found that while the net 

reaction forces at the knee were only approximately one times body weight, joint contact forces 

were several times body weight, emphasizing the importance of the muscle forces in joint 

loading.   

The objective of this study was to non-invasively determine axial tibiofemoral joint contact 

forces during squatting, using a model based on measured kinematics, anthropometrics, ground 
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reaction forces, and calculated kinetics.  The model was a combination of previously published 

models (Schipplein and Andriacchi, 1991; Morrison, 1968) with new features appropriate to high 

flexion activities and the equipment used.  These high flexion tibiofemoral joint contact forces 

were compared to those for stair climbing, which requires a smaller range of flexion than the 

activities studied but is more demanding than gait alone. 

The tibiofemoral contact force model used in this study focuses on the axial joint contact 

force acting on the tibia, which is useful for compressive testing of total knee arthroplasty 

components.  The method, although based on previous literature, has the following advantages 

and innovative features:  It applies an innovative scaling method to determine subject-specific 

quadriceps and hamstrings moment arm magnitudes over a high range of flexion.  The method is 

non-invasive and uses direct measurements from the subject as much as possible.  Therefore, 

there are few assumptions about the subject having average anthropometric measurements.  Both 

sagittal and frontal plane muscle force contributions are included. 

5.3 Methods 

5.3.1 Subjects 

Nine subjects, three male and six female, provided informed consent to participate in this 

study.  The study was approved by the Research Ethics Board at Queen’s University. The average 

age, mass, and height of the subject group were 53.9 years (± 5.4 years), 75.9 kg (± 15.6 kg), and 

1.68 m (± 0.08 m) respectively.  Subjects were Canadian, living a Western lifestyle, and over 40 

years of age with no history of joint disease or pain.  Subjects completed questionnaires about 

their ability to perform activities and the frequency with which those activities were performed. 
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5.3.2 Equipment and data collection 

The set-up involved a six-degree-of-freedom electromagnetic tracking system (Fastrak; 

Polhemus, Colchester, VT, USA), a non-conductive force plate (BP400600NC; AMTI, 

Watertown, MA, USA), and a wooden platform with railing.  The protocol described by 

Hemmerich et al. (2006) was followed.  The Fastrak system allowed for the study of a much 

higher joint range of motion than would be permitted using X-ray or MRI equipment.  Unlike 

optoelectric systems, the Fastrak does not require a receiver-to-emitter line of sight that might be 

obstructed during high flexion activities.  Receivers were securely fixed to the subject’s sacrum, 

right foot, shank, and thigh so that they would not interfere with the subject’s motion.  All 

activities were performed with the subject’s right foot only on the force plate.  The wooden 

platform was built 50 cm high to minimize electromagnetic distortion from the steel-reinforced 

floor. 

With the foot, shank, and thigh receivers fixed to the subject’s right leg, a stylus attached to a 

fourth receiver was used to digitize bony landmarks while the subject was standing.  A seated 

reference position was digitized, in addition to Hemmerich et al.’s protocol (Hemmerich et al., 

2006).  The patellar apex, centre of the posterior aspect lateral femoral condyle, tibial tuberosity, 

and fibular head were digitized while the subject was seated with the knee positioned at 

approximately 90º flexion.  A flexion angle of 90º was used because it was near mid-range on the 

cadaver moment arm curves used for scaling, discussed later in the methods section.  These 

landmarks were used to calculate the angle of the patellar tendon relative to the long axis of the 

shank, the quadriceps moment arm, and the hamstrings moment arm in the seated position.  After 

digitizing bony landmarks in the seated and standing reference positions, the stylus was removed, 
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and the receiver was attached to the sacrum.  The protocol continued as described by Hemmerich 

et al., with the subject performing the two squatting activities (Hemmerich et al., 2006). 

Subjects were asked to perform two different squatting activities as shown in Figure 5-1:  

squatting with heels off the floor (the “squatting heels up” activity) and squatting with heels on 

the floor (the “squatting heels down” activity).  As a subject squatted, the centre of gravity 

remained approximately over the feet.  At no time did the subject’s knees or shank make contact 

with the ground.  These activities were meant to simulate common activities of daily living, such 

as tying shoelaces and gardening. 

 

Figure 5-1:  Subjects performed two types of squatting activities:  (a) squatting heels up and 

(b) squatting heels down. 

 

Subjects were asked to lower themselves into position with the aid of gravity, remain in the 

lowered “rest position” for a few seconds, and then raise themselves out of the rest position 

against gravity.  The rest positions are shown in Figure 5-1.  Subjects could choose to use the 
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railing on the platform for support if they felt unstable during the motion.  The subjects were 

videotaped performing the activities, in order to help with interpretation of results. 

5.3.3 Segment-fixed coordinate systems and kinematics 

 Segment-fixed coordinate systems were defined for the foot, shank, thigh, and trunk in 

order to define floating axis angles (Grood and Suntay, 1983).  Only the shank and thigh 

coordinate system are described here since only these axes were used to define knee angles.  The 

origin of the thigh coordinate system was the mid-point of the medial and lateral femoral 

epicondyles.  The direction of the z-axis was defined from the origin to a point 2 cm distal of the 

midpoint between the symphysis pubis and the A.S.I.S.  The frontal plane was defined by the z-

axis and the transepicondylar line.  The y-axis was defined by a normal to the frontal plane, and 

the x-axis was defined by the cross product of the y- and z-axes.  The origin of the shank 

coordinate system was the mid-point between the lateral and medial malleoli.  The z-axis was 

directed from this origin to the mid-point between the lateral and medial tibial condyles.  The y-

axis was defined as the cross product of the z-axis and the line joining the tibial condyles.  The x-

axis was again defined as the cross product of the y- and z-axes. Three-dimensional knee joint 

angles were calculated from these segment-fixed axes as described by Hemmerich et al. (2006), 

following the joint coordinate system convention (Grood and Suntay, 1983). 

5.3.4 Components of the axial tibiofemoral contact force 

In each data frame, the axial tibiofemoral joint contact force acting on the tibia was 

comprised of the axial (distal-proximal) component of the following forces: 

1. The joint reaction force 

2. The hamstrings force or the quadriceps force contributing to the net moment in the 

sagittal plane 
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3. A lateral or medial force, which may include contributions from the collateral ligaments 

and from thigh muscles via the iliotibial tract.   This force was non-zero only if the 

hamstrings or quadriceps force was insufficient to resist the frontal moment (Schipplein 

and Andriacchi, 1991). 

Joint reaction forces and moments were determined using an inverse dynamics approach 

(Winter, 1990).  The quadriceps were assumed to provide the main muscle force when a positive 

knee extension moment was detected and the hamstrings were assumed to provide the main 

muscle force when a negative knee extension moment (a knee flexion moment) was detected.  

Co-contractions (antagonistic muscle forces) were neglected (Schipplein and Andriacchi, 1991; 

Morrison, 1968). 

 Frontal moments were resisted by the quadriceps or hamstrings force determined from the 

sagittal moment.  If the hamstrings or quadriceps force was insufficient to resist the frontal 

moment, an additional medial or lateral force was calculated to maintain equilibrium.  This is 

consistent with a method that was previously published by Schipplein and Andriacchi (1991).  

The two segments, including contact areas, were assumed rigid. 

5.3.5 Sagittal plane analysis 

The parameters and landmarks used to determine parameters in the sagittal plane are shown 

in Figure 5-2.  The line of action of the patellar tendon was defined as a straight line in the 

sagittal plane between the patellar apex and the tibial tuberosity.  Both of these landmarks were 

digitized in the seated reference position when the knee was at approximately 90º flexion.  The 

moment arm of the patellar tendon is defined as the distance between the centre of rotation of the 

knee joint (assumed fixed at the centre of the posterior aspect of the lateral femoral condyle, 

Nietert, 1977) and the line of action of the patellar tendon.  This centre of rotation landmark was 
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also digitized in the seated reference position where the knee was at approximately 90º flexion, so 

that both the angle between the patellar tendon and the long axis of the femur, α, and the subject’s 

patellar tendon moment arm, Rext, were calculated from palpated landmarks in the seated 

reference position. 

 

Figure 5-2:  Sagittal and frontal moment arms, centres of rotation, and force contributions 

for calculation of the axial tibiofemoral joint contact force.  Thick, single-ended arrows 

represent the lines of action of forces. 

 

Due to the limited number of electromagnetic tracking receivers and the difficulty in using 

such a receiver to accurately track patellar kinematics, the movement of the patella was not 

tracked as the subject squatted.  Previous work on ten cadaver knees in the investigators’ lab 
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yielded a mean cadaver curve that plotted the length of the patellar tendon moment arm as a 

function of flexion angle for a flexion range between 0º and 143º.  Using this data and the data 

from the seated reference position, the length of a subject’s patellar tendon moment arm was 

calculated for one flexion angle (near 90º in the seated reference position) and estimated by 

scaling the average cadaver curve for all other flexion angles. 

 

Scaling of the cadaver curve was accomplished by: 

1. Calculating the length of the subject’s patellar tendon moment arm, Rext, in the seated 

reference position using palpated landmarks. 

2. Calculating the knee flexion angle, θ, in the seated reference position using the thigh and 

shank coordinate systems. 

3. Extracting the length of the average cadaver patellar tendon angle, Rθ, at the flexion angle 

θ from the cadaver curve. 

4. Determining a ratio, Rs = Rext/ Rθ. 

5. Creating a subject-specific moment arm curve by multiplying each point on the cadaver 

curve by the ratio Rs. 

The result was a subject-specific moment arm curve that would give an estimate of the 

subject’s moment arm as a function of the subject’s flexion angle.  This curve had the same trend 

(shape) as the cadaver curve but a different magnitude.  The angle of the patellar tendon with 

respect to the long axis of the tibia, α, was calculated only once (during the seated reference 

position) and was assumed to be constant at this angle throughout the activity (i.e., it was 

assumed to be independent of flexion angle).  The effect of this assumption was studied in a 

sensitivity analysis to be described later. 
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The line of action of the hamstrings was assumed to be a straight line in the sagittal plane, 

parallel to the long axis of the femur and originating at the level of the head of the fibula 

(Costigan et al., 2002).  The hamstrings moment arm was defined as the perpendicular distance 

from the centre of rotation of the knee (assumed fixed at the centre of the posterior aspect of the 

lateral femoral condyle, Nietert, 1977) to the line of action of the hamstrings.  The angle between 

the line of action of the hamstrings and the long axis of the tibia, φ, was tracked throughout the 

motion (i.e., it varied with knee flexion) since it could be defined simply by tracking the thigh and 

shank segments. 

The length of the hamstrings moment arm was estimated using the same protocol as was used 

for the length of the patellar tendon moment arm.  The fibular head and the centre of the posterior 

aspect of the lateral femoral condyle were digitized in the seated reference position.  As with the 

patellar tendon moment arm, a mean curve had been determined in previous work that plotted the 

length of the hamstrings moment arm as a function of knee flexion angle from cadaver knees.  

The length of a subject’s hamstrings moment arm was therefore calculated for one flexion angle 

(near 90º in the seated reference position) and estimated by scaling the average cadaver curve for 

all other flexion angles. 

5.3.6 Frontal plane analysis 

The parameters and landmarks used to determine parameters in the frontal plane are shown in 

Figure 5-2.  The centre of rotation in the frontal plane was defined differently depending on 

whether the frontal moment was an abduction or adduction moment.  For an abduction moment, 

the centre of rotation was assumed fixed in the frontal plane at the centre of the lateral femoral 

condyle.  For an adduction moment, the centre of rotation was assumed fixed in the frontal plane 
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at the centre of the medial femoral condyle.  These centres of rotation are the geometric centres of 

the condyles when the surfaces are modeled as partial spheres (Abdel-Rahman and Hefzy, 1998).   

The moment arms of the lateral and medial forces from soft tissue and thigh muscles were 

defined from the appropriate centre of rotation to the farthest edge of the opposite femoral 

condyle.  Based on average measurements from the ten cadaver knees, the lengths of these two 

frontal moment arms were calculated to be 78.3% of the medial-lateral femoral width (±1.0% in 

abduction and ±0.8% in adduction).  In the frontal plane, the lines of action of the sagittally 

determined quadriceps force, the joint reaction force, and the sagitally determined hamstrings 

force were modeled coincident with the sagittal plane; therefore the moment arm was 28.3% of 

the medial-lateral femoral width. 

5.3.7 Summary of moment arms and lines of action 

In summary, the length of the hamstrings and patellar tendon moment arms in the sagittal 

plane were calculated directly from palpation in the seated reference position.  These single 

moment arm values were then used to scale cadaver moment arm curves to get a subject-specific 

moment arm curve, which expressed the lengths of the moment arms as a function of knee flexion 

angle.  The line of action of the hamstrings was parallel to the long axis of the femur.  The line of 

action of the patellar tendon was assumed to be constant with respect to the long axis of the 

femur.  This assumption is further discussed in the sensitivity analysis description. In the frontal 

plane, the line of action and moment arms of the quadriceps, hamstrings, joint reaction force, and 

lateral and medial frontal forces were assumed constant and parallel to the long axis of the tibia. 

5.3.8 Mean kinematics and kinetics 

Videos of the subjects performing the various activities were reviewed and trials were 

excluded from the data set if a subject wobbled or placed both feet (or a foot and a hand) on the 
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force plate.  The data were then split into two phases, moving with and against gravity, so that the 

data collected while the subject was in the rest position could be removed.  The phases were 

normalized to a 100% cycle, where the end (100%) of the first cycle occurred when the subject 

reached the rest position after moving with the aid of gravity, and the start (0%) of the second 

cycle occurred when the subject started to move against gravity to return to the standing position.  

Kinetic data were normalized to the subject’s mass.  After normalizing each trial of a given 

activity for a given subject, a mean curve for that subject and activity was created.  Then, one 

mean curve per subject was used to create a mean curve for the whole activity.   

5.3.9 Sensitivity analysis on input parameters 

The accuracy of several electromagnetic tracking systems has been investigated in order to 

determine the positional and rotational accuracy of the system (An et al., 1988) and the effect of 

skin movement on recorded kinematic data has been investigated for the scapula (Karduna et al., 

2001) and the first metatarsophalangeal joint (Longworth et al., 2006).  However, the literature 

regarding kinematic accuracy for segments with increased wobbling mass such as the shank or 

thigh is limited.  For use in a sensitivity analysis, reasonable estimates for accuracy of input 

parameters were made based on experience with this system and available literature (see footnote, 

page 9492).  The input values in Table 5-1 contribute to the calculation of the joint contact forces, 

and a sensitivity analysis was carried out to determine how potential uncertainties in these values 

(listed in Table 5-1) might affect the resulting axial tibiofemoral contact force. 
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Table 5-1:  Variations in input parameters used in the sensitivity analysis. 

The ground reaction forces, and position and angles of the foot coordinate system (CS) with 

respect to the global coordinate system, were assumed to have minimal uncertainty compared to 

the uncertainty in the angles of the shank coordinate system with respect to the global coordinate 

system.  The foot coordinate system is based on readily palpable bony landmarks, and there is 

little soft tissue movement on the foot during the squatting activities.  The uncertainty of ±2.5° 

used for the shank coordinate system was applied for each of the three Euler angles (αs, βs, and γs) 

and is based on previous work where the subject’s bony landmarks were digitized while standing 

and then re-digitized while squatting in full flexion.  The perceived movement of the bony 

landmarks due to skin movement was then correlated to changes in angle.  This uncertainty is to 

be considered a “worst case” scenario since the subject was at full flexion causing maximal 

                                                      

1
 The work performed in Chapter 4 to determine the accuracy of locating the tibia in a global coordinate 

system was carried out after this sensitivity analysis was published.  In Chapter 4, the mean accuracy of 

orienting a tibial total knee replacement component based on Fastrak skin markers was found to be -1.0º 

(S.D. 1.3º), -4.6º (S.D. 1.0º) and 0.5º (S.D. 0.6º) about the global axes that most closely correspond to the 

posterior, proximal, and lateral axes of the component.  These values are limited in that they come from 

only one pilot subject.  While the error estimate of ±2.5º in this study is less than the largest mean error 

found in Chapter 4 about the global axis that most closely aligns with the proximally-directed component 

axis (mean: 4.3º), the standard deviation of this error was found to be small (S.D.: 1.0º) and the average 

errors found along the other two axes (-1.0º and 0.5º) are smaller than the range used in this sensitivity 

analysis. 

Input Parameter Potential Uncertainty 

Ground reaction forces Minimal uncertainty assumed 

Foot CS* with respect to global CS* Minimal uncertainty assumed 

Shank CS* with respect to global CS* ± 2.5°
1
 

Medial-lateral width of femoral condyles ± 5mm 

Position of the fibular head ± 5mm 

Knee flexion angle in seated reference 

position 

± 1.5° 

Quadriceps moment arm in seated 

reference position (sagittal plane) 

± 5mm 

Hamstrings moment arm in seated 

reference position (sagittal plane) 

± 5mm 

Cadaver moment arm curves Minimal uncertainty assumed 

*CS:  Coordinate system  
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distortion of the soft tissues.  The uncertainty of ±1.5° used for the knee flexion angle in the 

seated reference position is based on estimates of errors when using an optoelectric skin marker 

system from Deluzio et al. (1993).  The positional uncertainty of ±5mm for direct measurements 

is based on investigator experience and repeatability measurements.  The percent change in axial 

knee joint contact force as a result of uncertainties on the resulting axial knee joint contact force 

was plotted for a randomly chosen subject at flexion angles near 0°, 45°, 90°, 120°, and 140°. 

It was assumed that the angle between the patellar tendon angle and the long axis of the tibia, 

α, was constant throughout the subject’s range of motion.  In addition to the previously discussed 

parameters, the sensitivity of the model to this assumption was tested by processing the data using 

a varying patellar tendon angle and hamstrings angle based on the work of (1) Herzog and Read 

(1993) and (2) van Eijden et al. (1985) so that two different varying angle models were tested 

against the assumptions that the patellar tendon angle was constant and the hamstrings line of 

action was parallel to the long axis of the femur.  In varying angle model (1), a regression 

equation was used from Herzog and Read that related the patellar tendon angle, α, to the flexion 

angle, θ, as well as a linear relationship between the hamstrings angle, φ, and θ that was based on 

multiple cadaver curves published by Herzog and Read (1993).  In varying angle model (2), the 

approximately linear relationship between α and θ from van Eijden et al. (1985) was used to 

determine the varying patellar tendon angle for the sensitivity analysis.  Since van Eijden et al. 

did not study the hamstrings angle, φ, the method used in the current study was applied, where 

the line of action of the hamstrings was assumed parallel to the long axis of the femur.  The 

tibiofemoral contact force curve that resulted from the methods used in this study was compared 

to the curves resulting from each of the varying angle models by calculating the correlation and 

the mean and maximum difference between the corresponding curve values. 
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5.3.10 Statistical comparison between activities 

The maximum joint contact force and the knee flexion angle that coincided with that force 

were extracted from each trial curve.  A mean value was then calculated for each subject, then for 

each activity.  These values were compared between the two squatting activities using a small-

sample significance test (t-test) without assuming equal variances.  A p-value less than 0.05 was 

considered significant.  The squatting activities were each compared to data from a previous stair 

climbing study (Costigan et al., 2002). 

5.3.11 Power analysis on comparison between activities 

Six comparisons were made in this study: three comparisons between pairs of activities for 

the maximum joint contact force and three for the corresponding flexion angle.  The effect size of 

each comparison was determined as a Cohen’s d value.  The effect size was then related to the 

power of the study using power tables and the harmonic mean of the two sample sizes (Howell, 

1999).  The power was determined to be greater than 0.85 for all pair-wise comparisons, except 

for the comparison of maximum joint contact forces between squatting heels down and stair 

climbing, which had a low power value of 0.32. 

5.4 Results 

Mean axial joint contact forces for the squatting activities are shown in Figure 5-3 and Figure 

5-4.  The joint contact forces are entirely compressive, meaning a positive axial force acts 

downwards on the tibia along its long axis.  The mean maximum force values used in the 

statistical analysis, and the mean flexion angle that coincided with this maximum force, are listed 

in Table 5-2.  For comparison, these values are also given for stair climbing (Costigan et al., 

2002).  The maximum joint contact force calculated for a single subject was 49.7 N/kg at a knee 

flexion angle of 149.9º during the squatting heels up activity.  Based on the range of masses in 
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this subject group, this single-subject maximum value would be equivalent to a tibiofemoral joint 

contact force between 2.9 kN and 5.2 kN.  Squatting heels up resulted in the largest mean peak 

force of 37.3 (±5.6) N/kg (3.73 times body weight). 

Table 5-2:  Mean maximum joint contact forces and mean knee flexion angle at which the 

maximum joint contact force occurs.  The joint contact force acts downwards on the tibia 

along its long axis. 

Activity 

 

Number of 

subjects 

(kinetics) 

Maximum Joint 

Contact Force [N/kg] 

Flexion Angle at which 

Maximum  Joint Contact 

Force Occurs [deg] 

Squatting 

heels down 
8 27.8 (±7.2) 124.8 (±16.1) 

Squatting 

heels up 
9 37.3 (±5.6) 138.7 (±8.1) 

Stair 

climbing* 
35 25 (±4) 60 (±8) 

*Stair climbing data were estimated from graphs by Costigan et al. (2002), and have been 

included for comparison. 
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Figure 5-3:  Mean (±1 standard deviation) axial tibiofemoral joint contact forces and 

kinematics for squatting with heels down. 
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Figure 5-4:  Mean (±1 standard deviation) axial tibiofemoral joint contact forces and 

kinematics for squatting with heels up.   

 

For both squatting activities, the mean maximum joint contact forces in Table 5-2 were 

experienced at significantly higher flexion angles (p<0.05) than those reported during stair 

climbing (Costigan et al., 2002).  This finding will result in higher contact stresses on knee 
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prostheses since the conformity of the total knee replacement typically decreases with higher 

flexion (Costigan et al., 2002).  This result is important when designing implants and their 

fixation in bone for high flexion activities of daily living.  It should be noted, however, that the 

protocol of the current study differed from the stair climbing study.  Radiography and an 

optoelectric system were used in the study from which stair climbing data were obtained, but the 

principles behind the methods are the same and are similar to those presented by Morrison 

(1968). 

Mean three-dimensional kinematics for the two high flexion activities (squatting postures) 

accompany the contact force data in Figure 5-3 and Figure 5-4.  Positive angles correspond to 

flexion, abduction, and external rotation.  Complete kinematic data for these activities are 

provided for use in conjunction with the estimated joint contact forces during joint simulation, 

fatigue testing, and finite element analysis for total knee arthroplasty designs. 

5.4.1 Sensitivity analysis on input parameters 

The results of the sensitivity analysis are shown in Figure 5-5.  Zero on the horizontal axes in 

this figure corresponds to the original value of the input parameter (i.e., zero uncertainty in the 

parameter), while positive and negative values on the horizontal axes correspond to variations 

from the original value of the input parameter. 
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Figure 5-5:  Results of the sensitivity analysis.  The percent change in axial tibiofemoral 

joint contact force is shown as a result of variation in input parameters.  Zero on the 

horizontal axis indicates no variation in the input parameter. 

 

With the exception of flexion angles near 0°, the axial joint contact force is most sensitive to 

uncertainty in the quadriceps moment arm as calculated based on the three bony landmarks in the 

seated reference position.  As flexion angle increases, so does the effect of uncertainty in this 

parameter.  Because the maximum joint contact forces occur at high flexion angles, it is the 
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accuracy of this quadriceps moment arm measurement that will most affect the accuracy of the 

maximum joint contact force.  In an effort to make measurements as accurate as possible, care 

was taken to place receivers away from large muscles and areas of excessive soft tissue and to 

palpate all landmarks carefully (Hemmerich et al., 2006).  For all other input parameters, the 

effect of the parameter uncertainty decreases as the flexion angle increases.  Variation in all 

parameters resulted in a change of less than 10% in the resulting tibiofemoral contact force. 

At flexion angles near 0°, the calculated force is most sensitive to uncertainties in the shank 

Euler angle αs (about the x-axis of the shank).  The bony landmarks used to define the segment 

coordinate systems are digitized at this angle; therefore, it is expected that uncertainty in shank 

angles at 0° would be less than at other flexion angles since there would be little to no soft tissue 

movement between the digitization position and 0˚ flexion during the activity. 

In response to changes in the medial-lateral width, the resulting joint contact force changed 

only near the 0° flexion angle.  This was expected since the frontal moment is greatest at the 

beginning and end of the trial and the sagittal moment is greatest nearer the middle of the trial.  

Therefore, it is likely that the quadriceps force is insufficient to resist the frontal moment near the 

beginning of the trial.  The result is that the medial or lateral force (which depends on the medial-

lateral width) would have its greatest contribution near 0° flexion and minimal or no contribution 

at higher flexion angles. 

Table 5-3 shows the comparison for the subject with the largest differences between the 

results from the current study and varying angle methods (1) and (2) (Herzog and Read, 1993; 

van Eijden et al., 1985).  The results from this study, which used a constant patellar tendon angle 

and hamstrings line of action parallel to the long axis of the femur, agree best with the method 

that used a regression equation for the patellar tendon angle and a linear relationship between 
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flexion angle, θ, and hamstrings angle, φ, from Herzog and Read (1993).  However, even in the 

“worst case” scenario presented in Table 5-3, the maximum difference in any one frame of data 

was 7.8% (or 263.65 N for this particular subject) with an overall correlation of 0.999.  Based on 

these results, the assumption of a constant patellar tendon angle did not introduce significant error 

in the results of this study.  This is certainly only the case for the axial joint contact force, where 

if F is the total force and Fa is the axial force, Fa = Fcosα.  Since α is always close to zero 

(ranging up to approximately 20˚), cosα is always close to 1.0.   The shear force will be more 

sensitive but is not considered a part of this study. 

Table 5-3:  Statistics regarding the comparison of resulting joint contact forces between the 

method of current study and varying angle model (1) using patellar tendon and hamstrings 

angles from Herzog and Read (1993) or varying angle model (2) using patellar tendon 

angles from van Eijden et al. (1985) with hamstrings line of action parallel to the long axis 

of femur. 

Comparison 

 

Correlation 

(R
2
) 

Mean 

Difference 

[N/kg] 

Maximum Difference for 

any one frame of data 

[N/kg]* 

Constant patellar tendon 

angle, vs. varying angle 

model (1): Herzog and Read 

1.000 0.05 (±0.05) 0.11 (0.68%) 

Constant patellar tendon 

angle, vs. varying angle 

model (2): van Eijden et al. 

0.999 0.68 (±0.98) 3.08 (7.8%) 

*Percent values represent percentage of total tibiofemoral joint contact force in that frame. 

 

5.5 Discussion 

5.5.1 Kinematics and joint contact forces 

The maximum tibiofemoral joint contact force was compared between stair climbing and 

each of the two squatting activities.  A statistically significant difference (p<0.05) was found 

between the squatting heels up activity and stair climbing.  No significant difference was found 
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between the squatting heels down activity and stair climbing.  This may be due to the low power 

of the comparison.  Although a power value of 0.32 indicates that a conclusion cannot be drawn 

for the comparison of maximum joint contact forces between stair climbing and squatting heels 

down, the power of the comparison of the corresponding flexion angles was greater than 0.85, 

which means that conclusions are statistically valid for the angle comparison. 

It would be expected that intuitive differences exist between stair climbing and squatting 

activities; however, the results of this study have shown otherwise.  Stair climbing is a single-leg 

activity, where the entire weight of the subject is supported on a single leg for at least part of the 

activity.  Therefore, it would be expected that the maximum contact forces would be higher for 

stair climbing than for squatting, which is a double-leg activity.  This study has instead found that 

the squatting heels up activity resulted in significantly higher joint contact forces than stair 

climbing.  Similarly, Nagura et al. (2006) found that subjects experienced average peak axial 

contact forces during a double-leg high flexion activity that were significantly higher than both 

stair climbing and walking.  Patil et al. (2007) measured contact forces in vivo during chair rise 

using telemetric force-sensing tibial trays and found that this double-leg activity resulted in joint 

contact forces around two times body weight.  During the chair rise, subjects reached an average 

peak flexion of 105º.  It would be expected that the squatting activities in this study would require 

more muscle activity for stability during movement compared to a chair rise activity.  As well, the 

quadriceps moment arm decreases at higher flexion angles, making the quadriceps mechanism 

less efficient.  Therefore, the higher flexion angles experienced during squatting would indicate a 

need for a higher force compared to chair rise. 

Some of the joint contact force between the tibia and femur may have been relieved at, or 

slightly before, terminal flexion when the posterior thigh or buttocks made contact with the shank 
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or feet (referred to as thigh-calf contact), since the knee joint would no longer be the only point of 

contact between the two segments.  At especially high flexion angles, the joint could actually 

distract so that there would be no contact, and thus no contact force, although it is expected that 

the subjects in this study did not reach such flexion angles.  The thigh-calf contact would result in 

an overestimation of the joint contact force near terminal flexion.  Nagura et al. found that this 

contact only occurred above 140° of flexion (Nagura et al., 2002).  The subject group in this 

study, however, is on average older and heavier than Nagura et al.’s subject group.  The higher 

mean mass of this subject group suggests that on average, contact between the two segments 

would have occurred before the 140º flexion reported by Nagura et al (2002).  It should be noted 

that the joint contact forces presented in this study are during movement and that no forces are 

presented from the rest position. Once the subject is comfortably in this rest position, the subject 

would be able to relax, which would reduce the muscle activity crossing the knee joint.  This 

relaxation may explain why people with lifestyles that require frequent squatting can maintain 

such a position for hours at a time (Das De et al., 1994). 

Muscle co-contraction was neglected; therefore, the joint contact force values reported in this 

study and discussed in the following paragraphs should be considered conservative estimates of 

the actual forces that would be experienced during normal activities of daily living.  Some 

subjects chose to use the railing provided for stability. More frequent railing use for the squatting 

heels down activity may explain the lower maximum contact force for this particular squatting 

activity. 

5.5.2 Comparison with other methods 

The method presented in this study bears several similarities to previously published models 

(Schipplein and Andriacchi, 1991; Morrison, 1968) but has been modified to allow for 



 

104 

 

application to high flexion activities using data obtained via an electromagnetic tracking system 

and available from non-invasive procedures only.  Morrison (1968) used three muscle groups and 

four ligaments acting on the knee joint, while this study used only two muscle groups and 

neglected the cruciate ligaments. 

Buff et al. (1988), van Eijden et al. (1985), and Herzog and Read (1993) have presented 

patellar tendon angles at various flexion angles; however, Buff et al.’s data are limited to flexion 

between 0° and 90°, and large discrepancies were found between the literature predictions and 

actual measured patellar tendon angles (via palpation) during the seated reference position for 

some subjects.  The measured patellar tendon angles from the seated reference position differed 

by as much as 14º from the values predicted in the literature.  Comparing predictions from the 

three literature sources (Herzog and Read, 1993; van Eijden et al., 1985; Buff et al., 1988) 

resulted in discrepancies in patellar tendon angle as high as 11º for the same subject at the same 

flexion angle.  Herzog and Read (1993) published muscle moment arms over a large range of 

flexion based on cadaver measurements; however, data for only one cadaver were published 

using the centre of rotation defined in this study compared to the multiple cadaver knees used for 

the curves applied in this protocol. 

Using a skin marker tracking system, translations cannot be determined as accurately as with 

some more invasive systems due to the potential for skin movement over palpated landmarks and 

the small magnitude of the translations being considered.  For this reason, as well as the fact that 

patellar kinematics could not be tracked, the cadaver curve scaling method was used to determine 

muscle moment arms instead of calculating muscle moment arms from each frame of kinematic 

data. 
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Nagura et al. (2006) published tibiofemoral contact force values for deep flexion activities.  

The “full squat” activity from that study is most similar to the squatting heels up activity in this 

study; however, the subject started with both knees on the floor for Nagura et al.’s full squat 

activity.  That study made use of electromyography to determine quadriceps and hamstrings 

activity and found that the full squat activity resulted in an average peak axial contact force of 7.3 

(±1.9) times body weight, which is significantly higher than the value found for the squatting 

activity in this study.  This discrepancy may be due to the inclusion of co-contraction in Nagura et 

al.’s method, as well as a 22-year difference in the average age of the two subject groups.  It 

would also require more exertion to stand from a position with the knees on the floor (as was 

done in Nagura et al.’s study) compared to standing from a position where the knees are already 

off the floor.  The joint contact force curve for Nagura et al.’s full squat activity has a similar 

trend to the activities in the current study where the subject is moving against gravity.  There is an 

initial increase in contact force at high flexion and then a decrease as the subject extends the 

knees.    

5.6 Conclusions 

Axial tibiofemoral joint contact forces were calculated using a relatively simple model that 

requires ground reaction forces, joint angles, and digitized bony landmarks, as well as subject 

anthropometric data.  Of the two squatting activities performed, the largest mean axial joint 

contact force was 37.3 (±5.6) N/kg during the squatting heels up activity.  The tibiofemoral forces 

from this high flexion study were compared to axial tibiofemoral contact forces estimated during 

stair climbing and were found to be significantly higher for one of the squatting activities 

(p<0.05).  For both squatting activities, the mean knee flexion angles that coincided with 

maximum contact forces were significantly higher (p<0.05) than those seen in stair climbing.  A 
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sensitivity analysis showed that the calculation of the joint contact force near 0° flexion was most 

sensitive to the accuracy of the shank Euler angle αs (about the x-axis of the shank coordinate 

system).  At all other flexion angles, the axial contact force was most sensitive to the accuracy of 

measurement (via palpation) of the quadriceps moment arm in the seated reference position.  The 

sensitivity analysis showed that the force varied by less than 10% as a result of uncertainties in all 

parameters.  The model is relatively simple to apply, and the data required can be collected in less 

than three quarters of an hour.  The resulting tibiofemoral contact force data are for high flexion 

activities, for which there are currently limited kinetic data.  The ease of application and lack of 

need for costly imaging make this model an attractive option for application to large subject 

groups in a variety of regions requiring high flexion for activities of daily living.  The resulting 

data will be useful for high flexion prosthesis development during finite element analysis or pre-

clinical fatigue and joint simulator testing. 
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Chapter 6 

ESTIMATED AND DIRECTLY MEASURED TIBIOFEMORAL 

JOINT CONTACT FORCES DURING HIGH FLEXION ACTIVITIES 

 

6.1 Introduction 

Accurate in vivo knee joint contact forces are required for finite element models, fatigue 

testing, and joint simulator testing during the development and testing of total knee replacements 

(Varadarajan et al., 2008).  The more accurately these loads can be predicted, the more optimally 

components can be designed.  Increased knowledge of knee joint contact forces may lead to a 

better understanding of wear mechanisms and to better prevention of complications such as 

aseptic loosening (Komistek et al., 2005).  The kinematics and kinetics in the current simulator 

testing standard represent a normal walking cycle and are based on joint contact force estimates, 

as opposed to direct measurements (Heinlein et al., 2009).  In vivo tibial loads have been reported 

at rest while kneeling; however, they were reported only while the subject was at rest in the 

kneeling position (Zhao et al., 2007).  The loads exerted on the knee joint during descent into, or 

ascent out of, the kneeling position have not been published. 

Due to the recent development of instrumented tibial implants, it is now possible to measure 

loads acting on the tibial component of a total knee replacement in vivo (D'Lima et al., 2005; 

Heinlein et al., 2007).  These measurements have the potential to significantly improve the 

knowledge of knee joint loading.  However, the patient population that will have instrumented 

tibial components implanted is limited.  Therefore, one important application of the data obtained 

from instrumented tibial implants is in the assessment of non-invasive joint contact force 
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determinations.  If the instrumented tibia readings can be used to validate or improve a model, the 

model might then be applied to estimate tibiofemoral joint contact forces for larger subject groups 

that would not receive instrumented tibial implants. 

The objective of this study was to report on the in vivo loads experienced during high flexion 

activities and to determine how closely the measured axial joint contact forces can be estimated 

using a simple inverse dynamics based, non-invasive model. 

6.2 Methods 

This study was approved by the ethics committee at the Charité - Universitätsmedizin in 

Berlin, Germany.  Two subjects participated in this study and provided their informed consent.  

Subject A was 16.5 months post-op after receiving a right total knee replacement, and subject B 

was 27 months post-op after receiving a left total knee replacement. Subject A weighed 94.2 kg 

(body mass index:  31.3), and subject B weighed 97.5 kg (body mass index: 31.8).   

The implanted total knee replacement design was the cruciate-sacrificing INNEX FIXUC 

(Zimmer GmbH, Winterthur, Switzerland). The femoral component and tibial insert were 

standard, unmodified components.  The design, calibration, and testing of the instrumented tibial 

trays were described in detail in Heinlein et al. (2007).  The instrumented tibial component 

consists of two trays with hollow, concentric stems.  The trays are separated by a small gap.  

When the upper tray is loaded, six semi-conductor strain gauges measure the deformation of the 

inner stem.  A calibration matrix is used to transform the strain gauge signals into three force and 

three moment components (Heinlein et al., 2007). 

Both subjects were asked to perform a deep knee bend activity (Figure 6-1) and a kneeling 

activity (Figure 6-2).  During the deep knee bend activity, subjects, using no external support, 

started from standing, then lowered the body toward the floor by bending their knees to their 
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maximum comfortable flexion angle with the arms outstretched in front of the body. During the 

kneeling activity, subjects started in a standing position, and then lowered both knees to the 

ground while grasping a low railing that crossed in front of their bodies to help support their body 

weight (Figure 6-2a,b).  With both knees on the ground, and after plantar-flexing the ankles, the 

subject released the railing and remained kneeling with the knee at approximately 90º (Figure 

6-2c). One subject (subject B) rested in the kneeling position on a wedge-shaped cushion (Figure 

6-2d) before returning to standing.  The subjects then returned to the standing position using the 

railing for support.  Three or more trials of each activity were carried out while collecting 

instrumented tibia measurements. 

 

 

Figure 6-1:  A subject with a right instrumented tibial component performing the deep knee 

bend activity. 
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(a) (b) (c) (d) 

Figure 6-2:  (a-c) A subject with a left instrumented tibial component performing a descent 

to kneeling. (d) The subject comes to rest in the kneeling position using a wedge-shaped 

cushion for support between the posterior thigh and calf. 

 

An additional set of three or more trials of each activity were performed while collecting 

kinematic and external kinetic data.  Lower limb motion was recorded using a Fastrak 

electromagnetic tracking system (Polhemus, Colchester, VT, USA).  Sensors were placed on the 

subject’s lateral foot, shank, and thigh.  A probe was used to digitize bony landmarks before data 

collection.  The landmarks were used to determine tibial and femoral coordinate systems as 

follows:  The origin of the thigh coordinate system was the mid-point of the medial and lateral 

femoral epicondyles.  The direction of the z-axis was defined from the origin to a point 2 cm 

distal of the midpoint between the symphysis pubis and the A.S.I.S.  The frontal plane was 

defined by the z-axis and the transepicondylar line.  The y-axis was defined by a normal to the 

frontal plane, and the x-axis was defined by the cross product of the y- and z-axes.  The origin of 

the shank coordinate system was the mid-point between the lateral and medial malleoli.  The z-

axis was directed from this origin to the mid-point between the lateral and medial tibial condyles.  

The y-axis was defined as the cross product of the z-axis and the line joining the tibial condyles.  

The x-axis was again defined as the cross product of the y- and z-axes.  Two non-conducting 

force plates (BP400600NC; AMTI, Watertown, MA, USA) were used:  one to measure the foot-
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ground reactions during both activities and one to measure the knee-ground reactions during the 

kneeling activity.  The knee-ground and foot-ground reaction forces were measured on the leg in 

which the instrumented tibia was implanted.  The force plate and kinematic data were 

synchronized and collected at 30 Hz.  A non-conducting force plate was used to minimize the 

amount of metal in the measurement field of the electromagnetic motion tracking system and to 

avoid distortion of the kinematic data near the surface of the force plate.  Kinematic data could 

not be collected at the same time as the instrumented tibia data due to interference between the 

electromagnetic motion tracking system and the induction coil that powered the instrumented 

tibia.  Each trial was video recorded.  The video was synchronized with both the instrumented 

tibia data and the kinematic and ground reaction data. 

The segment kinematics and ground reactions were used to estimate the axial joint contact 

force component using an inverse dynamics based model with no knowledge of the values 

measured via the instrumented tibia.  The model used is described in detail in Smith et al. (2008) 

and Chapter 5.  The axial tibiofemoral joint contact force was calculated as the sum of three 

contributions:  the axial tibiofemoral joint reaction force (calculated using inverse dynamics), 

either a hamstrings or quadriceps force (calculated as the net sagittal moment divided by the 

muscle moment arm), and a ligament force, if required, to balance the net moment in the frontal 

plane.  The patellar tendon angle with respect to the long axis of the tibia was modeled as 

constant in the sagittal plane.  Muscle moment arms were determined with the knee flexed at 

approximately 90º by palpating bony landmarks that represent muscle/ligament attachments.  The 

changing lengths of the moment arms were determined by scaling measured cadaver moment arm 

curves to match the length of the 90º moment arm measured on the subject (Smith et al., 2008). 
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Based on the synchronized video, data were cropped to include only the activity studied.  

Deep knee bends are reported in a single phase.  Trials began while the subject was standing and 

the first visible change in knee flexion angle occurred.  The end of the trial was defined after the 

subject had returned to upright standing and was at rest.  Kneeling trials were split into three 

phases.  Phase 1 was the descent to kneeling (Figure 6-2 a-c).  It began with the subject standing 

and ended when the subject was kneeling with the knee at approximately 90º flexion.  Phase 2 

was a resting phase where the subject relaxed on a supporting cushion (Figure 6-2d).  Phase 2 was 

only carried out by one subject.  The other subject did not rest on the cushion in the kneeling 

position with the knee flexed beyond 90º; therefore, he did not perform phase 2.   Phase 3 was the 

ascent from kneeling.  It started with the subject kneeling and ended when the subject had 

returned to standing.  Each phase (one phase for the deep knee bend activity, three phases for the 

kneeling activity) was normalized to 101 data points (0% phase to 100% phase).  Mean curves 

were created for each subject based on this normalized data.  All joint contact force data are 

reported as a multiple of body weight. 

The axial (distal-proximal) component of the measurements from the instrumented tibia was 

compared to the axial joint contact force estimates from the model.  The average, maximum, and 

minimum differences between the two methods were calculated. 

6.3 Results 

All measured forces are reported as positive in the distal, anterior, and lateral directions.  All 

values reported and discussed here are from the mean contact force curves and mean knee angle 

curves (Figure 6-3, Figure 6-4, and Figure 6-5), rather than any individual trial.  The maximum 

measured tibiofemoral joint contact forces for any subject and any activity were 0.31 x BW in 

medial shear (Figure 6-4b), 0.12 x BW in anterior shear (Figure 6-5b), and 3.17 x BW distally 
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along the long axis of the tibia (Figure 6-3a).  The maximum axial force measured during the 

deep knee bend was 3.17 x BW at 87.3º flexion (subject B, Figure 6-3a).  During the kneeling 

activity, the maximum axial force measured was 3.04 x BW at 86.8º flexion (subject B, Figure 

6-4a). 

 

Figure 6-3:  (a-c) Measured three-dimensional tibiofemoral joint contact forces and (d-f) 

three-dimensional knee joint angles from two subjects performing a deep knee-bend 

activity. 
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Figure 6-4:  (a-c) Measured three-dimensional tibiofemoral joint contact forces for two 

subjects and (d-f) three-dimensional knee joint angles for one subject (subject B) during a 

descent to kneeling activity.  0% represents the subject standing, and 100% represents the 

subject kneeling (Figure 6-2c).  Knee kinematics for subject A are not shown in Figure 6-4 

(d-f) because the subject performed the kneeling activity differently during kinematic data 

collection trials (Trial set #1) than during the instrumented tibia data collection trials (Trial 

Set #2).  Therefore, the knee kinematics collected would not correspond to the forces shown 

in Figure 6-4 (a-c). 
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Figure 6-5:  (a-c) Measured three-dimensional tibiofemoral joint contact forces for two 

subjects and (d-f) three-dimensional knee joint angles for one subject (subject B) during an 

ascent from  kneeling activity.  0% represents the subject kneeling (Figure 6-2c), and 100% 

represents the subject standing.  Knee kinematics for subject A are not shown in Figure 6-5 

(d-f) because the subject performed the kneeling activity differently during kinematic data 

collection trials (Trial set #1) than during the instrumented tibia data collection trials (Trial 

Set #2).  Therefore, the knee kinematics collected would not correspond to the forces shown 

in Figure 6-5 (a-c). 

 

The joint contact force model estimates (grey lines, Figure 6-6) often underestimated the 

axial tibiofemoral joint contact forces measured using the instrumented tibial component.  On 

average, across all activities and subjects that could be compared to the model, the difference 

between the two methods was 0.71 x BW (S.D. 0.43 x BW).  The maximum and minimum 

differences in mean curves between the measured and estimated forces occurred during Subject 

B’s ascent from kneeling and descent to kneeling respectively.  The maximum difference was 
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1.64 x BW (Figure 6-6c at 39% of the activity phase).  The minimum difference was 0.07 x BW 

(Figure 6-6c at 95% of the activity phase). 

 

Figure 6-6:  A comparison of the measured axial tibiofemoral joint contact forces (red or 

black lines) to the model-estimated tibiofemoral joint contact forces (grey lines) for two 

subjects during (a & b) a deep knee bend and for one subject during (c) descent to kneeling 

and (d) ascent from kneeling. 

 

6.4 Discussion 

The manner in which the deep knee bend was performed was different between subjects.  

Subject B performed a deeper squat, reaching a maximum mean flexion angle of 103.3º, while 

subject A reached 78.8º flexion (Figure 6-3d).  During the deep knee bend, the internal/external 

rotation (Figure 6-3f) and the lateral-medial joint contact force (Figure 6-3b) exhibited by subject 

B were different from those exhibited by subject A.  These differences indicate that tibiofemoral 

joint contact forces can be dependent on who is performing the activity and the manner in which 
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the activity is performed. Varadarajan et al. (2008) also found that contact forces were patient- 

and activity-specific. 

During kneeling, subject B reached 102º knee flexion (Figure 6-4d and Figure 6-5d).  When 

subject A descended into the kneeling position and ascended back to standing, he supported as 

much of his body weight as possible on the railing and on his left (non-instrumented tibia) leg.  

He often lifted the foot completely off the ground, causing the maximum measured axial joint 

contact forces to be much lower than those measured for subject B during kneeling (Figure 6-4a 

and Figure 6-5a).  Subject A also changed the manner in which he performed the kneeling 

activity between the instrumented tibia trials and the motion analysis trials.  For this subject, the 

measured tibiofemoral joint contact forces were reported (Figure 6-4a-c and Figure 6-5a-c); 

however, the kinematics from the motion analysis trials are not reported because they are not 

representative of the angles exhibited during the instrumented tibia trials.   

Using an instrumented tibial replacement (a different design from the one used in this study), 

Mündermann et al. (2008) reported maximum axial tibiofemoral joint contact forces of 

approximately 2.25 x BW (S.D. approximately 0.4 x BW) at 91.8º flexion (S.D. 15.3º) during 

squatting.  This maximum force and corresponding flexion angle are in good agreement with the 

2.5 x BW (S.D. 0.17 x BW) axial force measured at 78.2º flexion (S.D. 5.1º) for subject A in this 

study.  However, the maximum contact forces from that previously published study 

(Mündermann et al., 2008) are different from those measured for subject B:  3.2 x BW (S.D. 0.15 

x BW) at 87.3º flexion (S.D. 4.5º). 

In a group of five patients with implanted tibias (including the two subjects who participated 

in this study), the magnitude of average peak resultant force (including all force components) 

during deep knee bend was 2.53 x BW (Kutzner et al., 2010).  Kutzner et al. also observed that 



 

120 

 

the highest peak forces occurred at the largest knee flexion angle.  During the deep knee bend, 

this observation held true for subject A because the maximum axial joint contact force occurred at 

78.2º knee flexion, while the subject reached a maximum flexion of 78.8º.  However, subject B’s 

maximum axial joint contact force occurred at 87.3º knee flexion, whereas his maximum knee 

joint flexion angle during the deep knee bend was 103.3º. 

The tibiofemoral contact force while kneeling at rest may have to be maintained for a long 

period of time while a person kneels for work, gardening, or during prayer or other religious 

activities.  For the same subject from Mündermann et al. (2008), Zhao et al. (2007) reported a 

mean axial tibiofemoral joint contact force of 0.3 x BW (ranging from 0.2 to 0.4 x BW) during a 

final, resting, static kneeling pose.  In the current study, the measured axial contact forces were on 

average 0.47 x BW for subject B when he rested on the wedge-shaped cushion (Figure 6-2d), 

which is just slightly higher than the values reported in the fluoroscopic study by Zhao et al. 

(2007).  This discrepancy may be due to differences in the activity itself since the current study 

involved a double leg kneel (Figure 6-2c) and Zhao’s subject had only one knee flexed while he 

stood on the opposite leg. 

During data collection, tibiofemoral joint contact forces were also measured during level 

walking using the instrumented tibia.  The maximum axial joint contact force was 2.63 x BW for 

subject A and 2.95 x BW for subject B during level walking, compared to 2.47 x BW during the 

deep knee bend and 1.69 x BW when descending to kneeling for subject A, and 3.17 x BW 

during the deep knee bend and 3.04 x BW when descending to kneeling for subject B.   The peak 

axial force for subject A when descending to kneeling was much lower than the peak during 

walking because most of the subject’s weight was supported on the contralateral limb. 
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The inverse dynamics based model often underestimated, and sometimes closely matched, the 

measured axial tibiofemoral joint contact forces (Figure 6-6).  This underestimation is most likely 

due to a lack of co-contraction in the model. The mean model-estimated and the mean measured 

forces agree to within 1 x BW for 73.3% of the time (296 out 404 frames of normalized data in 

Figure 6-6). 

Two previous studies have compared model predictions to instrumented tibia measured 

contact forces.  Kim et al. (2009) and Lin et al. (2010) compared predicted axial tibiofemoral 

joint contact forces to those measured from Zhao et al. (2007) for one subject during walking.  

Kim et al. were able to predict forces with an average root mean square error of 183 N (S.D.: 

45N).  Lin et al. (2010) investigated several optimization and cost functions; however, the 

measured forces were often underestimated by the model, which is similar to the findings of the 

current study.  The joint contact force models in these previous studies (Lin et al., 2010; Kim et 

al., 2009) were different compared to the model used in this study.  The previous models 

incorporated the use of optimization and cost functions, a minimum of 9 (and up to 56) more 

muscles, and/or the modeling of contact mechanics, none of which were used in this study’s 

model.  It is difficult to predict how these previous models used for gait would apply to high 

flexion activities. 

The axial joint contact force model is limited in that it is only capable of predicting forces 

when there is kinetic input (ground reaction forces).  Because subject A’s right (instrumented) 

foot was lifted off the floor for the majority of the kneeling activity, it was not possible to model 

the joint contact forces, and therefore the kneeling activity for subject B is not shown in the 

comparisons in Figure 6-6.  Also, the model was not able to accurately predict tibiofemoral joint 

contact forces when subject A was at rest in the kneeling position and using a cushion for support 
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(Figure 6-2d).  In this resting position, the model overestimated the measured forces, most likely 

because thigh-calf (or in this case, thigh-cushion and cushion-calf) contact was not measured and 

could not be included in the model, and because when the subject was at rest, the muscles would 

relax.  This inverse dynamics based model is not capable of taking into account changes in 

muscle activity that occur due to unmeasured support reactions, such as thigh-calf contact 

support.  Finally, the model predicts only axial joint contact forces and would require the addition 

of shear forces to provide a complete data set for finite element design, fatigue testing, and joint 

simulator testing. 

The study protocol also has some limitations.  Only two subjects were studied.  At the time of 

data collection, only three of the subjects who had implanted instrumented tibias were willing to 

kneel.  One was unable to attend the data collections, and of the subjects who did participate, 

subject A had some difficulty reaching increased flexion, indicated by a maximum flexion of 

78.8º during the knee bend activity and heavy use of the railing and contralateral limb support 

during kneeling.  The maximum flexion angle reached in this study was 103.3º.  Studies of 

kneeling and squatting have reported knee flexion beyond 140º (Nagura et al., 2002; Hemmerich 

et al., 2006; Kanekasu et al., 2004).  Therefore, more in vivo measurements beyond 110º knee 

flexion would be beneficial in developing or validating models in this high flexion range.  

However, at the time of data collection, none of the instrumented tibia patients could reach such a 

high flexion angle.  Also, the subjects required the support of a hand rail during the descent to, 

and ascent from, kneeling and may have favoured the contralateral limb, meaning that the forces 

measured in this study may underestimate the tibiofemoral joint contact forces that would be 

experienced by total knee replacement patients who can comfortably kneel in full flexion without 

assistance. 
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There were two barriers to performing a direct comparison between the measured and 

estimated values in this study.  Motion tracking data and joint contact force data could not be 

collected simultaneously due to interference between the electromagnetic tracking system and the 

inductively powered instrumented tibia.  The inverse dynamics based estimates were reported in a 

bone-based coordinate system (described previously, based on palpated landmarks), while the 

measured tibiofemoral joint contact forces are described in the tibial component coordinate 

system, which would be oriented at a small angle with respect to the tibial coordinate system in 

the sagittal plane.  For these reasons, we did not synchronize the data frame-by-frame but instead 

normalized the data based on the start and end of the activity and compared mean curves. 

Despite these limitations, this study presents valuable information that will advance the 

development of high flexion total knee replacements.  The study used an instrumented tibial 

component to directly measure three-dimensional tibiofemoral joint contact forces in two subjects 

during deep knee bends and kneeling.  This unique data can be used to better interpret non-

invasively determined joint-contact forces.  The use of more accurate forces in the design and 

development of total knee replacements will result in safer and more optimal knee replacement 

designs.   
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Chapter 7 

DISCUSSION 

7.1 Summary 

The work in this dissertation was motivated by higher performance demands being placed on 

total knee replacements by younger and more active total knee replacement patients.  With little 

known about the dynamics of the knee joint during high demand activities, such as high flexion 

tasks, the design of total knee replacements for good performance and longevity in deep flexion is 

challenging.  Previous studies have shown that while total knee arthroplasty is effective in 

reducing pain, it is not as effective in restoring joint function (Noble et al., 2005).  The premise of 

the work in this dissertation was that more functionally effective and more optimally designed 

total knee replacements could be produced for high flexion activities if the knee joint kinematics 

and joint contact forces applied during finite element testing, knee simulator testing, and fatigue 

testing were more physiologically accurate.  To that end, knee kinematics were determined during 

high flexion activities of daily living for both total knee replacement patients and asymptomatic 

subjects (Chapter 2), and axial tibiofemoral joint contact forces were estimated during high 

flexion activities of daily living using a simple, non-invasive, inverse dynamics based model 

(Chapter 5).  The accuracy of both the kinematic and the kinetic values (determined in Chapter 2 

and Chapter 5) was investigated (Chapter 3, Chapter 4, and Chapter 6).  The work was presented 

as three kinematics-based chapters and two kinetics-based chapters.  The motion tracking method 

that was used in Chapter 2 and focused on in Chapter 4 was used in both of the kinetics chapters 

(Chapter 5 and Chapter 6). 
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The findings in this dissertation will advance the development and testing of total knee 

replacements for high flexion activities.  The fundamental kinematic and kinetic knowledge 

gained as part of the studies herein might also be used in the evaluation of other joint disease 

treatments.   

7.2 Knee joint kinematics 

Chapter 2 characterized knee kinematics during kneeling, squatting, praying, and cross-

legged sitting for Middle Eastern subjects with and without total knee replacements.  The three-

dimensional knee kinematics determined in Chapter 2 can be used as a goal in the development of 

lifestyle-specific total knee replacements that have a sufficient range of motion for essential 

activities of daily living. 

The total knee replacement patients in the study described in Chapter 2 were able to reach the 

same flexion and carry out the same activities (prayer, kneeling, squatting and cross-legged 

sitting) as the asymptomatic subjects.  While this is a positive outcome for these particular 

patients, these kinematics were collected a short time after total knee replacement surgery, and 

future performance cannot be predicted from these results alone.  It is difficult to judge how 

accurately the tests that these implant components underwent before implantation represent the 

actual dynamics that the implants are subjected to after implantation for two reasons:  (1) the 

force requirements for the design and testing of total knee replacement components are based on 

tibiofemoral joint contact force models that, until the recent implantation of instrumented tibias, 

could not be directly validated (Heinlein et al., 2009), and (2) the knee kinematics in the tests may 

not have been representative of the activities of daily living that these subjects actually perform 

because the fundamental information regarding these activities is limited (Nagura et al., 2002).  

Should a revision surgery be required for one or more of these patients, the knowledge of the 
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kinematics that the implant was subjected to would be helpful in determining wear and failure 

mechanisms that may have lead to the revision. 

The mean curves for non-sagittal knee joint angles from the Middle Eastern group (Chapter 

2) had wide standard deviations, indicating that some of the non-sagittal knee rotations were 

large, especially for the total knee replacement patients.  The measured ranges of non-sagittal 

rotation could even be larger than the range of motion that the total knee replacement was 

designed to allow due to rotational stops on the tibial tray (which limit axial rotation) and the 

cruciate-substituting spine on the tibial insert (which limits abduction/adduction).  This finding 

led to an investigation of the accuracy of soft tissue artefact during high flexion activities.  While 

the accuracy of skin-mounted marker tracking systems has been investigated previously (Benoit 

et al., 2006; Garling et al., 2007; Manal et al., 2003; Stagni et al., 2005), additional work was 

warranted to better suit the actual application that the system had been used for in Chapter 2.  The 

small size of the sensor, the sensor placement, the range of flexion in the activities, and the fact 

that only one sensor was used per segment made the protocol different than those investigated in 

previous studies, resulting in uncertainty as to whether or not the errors attributed to soft tissue 

artefact in previous studies could be assumed to be reasonable estimates in the current 

application.  In order to assess the effect of soft tissue artefact on the motion of the Fastrak 

sensors, knee kinematics based on the position and orientation of the Fastrak sensors were 

compared to knee kinematics based on single-plane fluoroscopic shape matching, which is not 

susceptible to soft tissue artefact (Chapter 4).   

Before carrying out this comparison, the accuracy of the fluoroscopic method in determining 

total knee replacement joint kinematics had to be determined (Chapter 3).  The average accuracy 

and the limits of agreement in determining the relative kinematics of total knee replacement 
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components were required for the work in Chapter 4; however, these values will also be useful to 

any investigators who wish to use the single-plane fluoroscopic shape matching approach to 

determine total knee replacement joint kinematics. 

7.3 Tibiofemoral joint contact forces 

A simplified, non-invasive, inverse dynamics based tibiofemoral joint contact force model 

was used to estimate axial tibiofemoral joint contact forces during high flexion (squatting).  The 

model was a reduction method that was based on previously published inverse dynamics models.  

The joint contact force estimates found in that study (Chapter 5) were considered to be 

conservative due to a lack of muscle co-contraction in the model.  By collecting in vivo 

tibiofemoral joint contact forces in patients with instrumented tibias, it was determined that the 

joint contact force model presented in Chapter 5 was indeed conservative and underestimated the 

maximum measured axial tibiofemoral joint contact forces (Chapter 6). 

The findings of Chapter 5 and Chapter 6 can be used to further develop and improve the non-

invasive inverse dynamics based method by focusing on improving the accuracy of the model 

inputs to which the joint contact force estimates are most sensitive (such as the measurement of 

the patellar tendon moment arm in the seated reference position) and by investigating ways in 

which co-contraction might be included in the model in order to overcome underestimation of the 

measured forces.  A rough estimate of the measured forces might be obtained by applying a 

(constant or variable) co-contraction multiplier based on the literature to the model estimates.  

With improvements based on the findings in this dissertation, the model could be applied to larger 

subject groups that form part of potential total knee replacement populations who would benefit 

from better total knee replacement performance in high flexion.  The tibiofemoral joint contact 

force estimates (with a possible correction for co-contraction), as well as the directly measured 
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force values from Chapter 6, can be used (with consideration for use of the hand rail and 

favouring of the contralateral limb) to improve finite element modeling and knee simulator 

testing of high flexion total knee replacement components. 

The tibiofemoral joint contact forces from Chapter 5 and Chapter 6 could also contribute to 

industry-wide testing standards that are more physiologically representative of the actual loading 

that a total knee replacement would be subjected to during high flexion activities of daily living.  

In the development of these test standards, frequency and duration of high flexion postures and 

their respective loads must also be considered.  The number of  flexion postures (cycles) that a 

patient would experience during activities of daily living would likely be much lower than the 

number of walking cycles.  For the  Muslim prayer activity, twenty-five cycles per day is 

common.  For occupational tasks that require high flexion, the number of cycles may be less or 

more.  Further study would be required to determine a reasonable number of high flexion cycles 

for total knee replacement component testing.  The lifestyles of the target population for the high 

flexion knee replacement would have to be taken into account in order to define common 

activities of daily living. 

7.4 Tibiofemoral shear forces 

Only axial tibiofemoral joint contact forces were estimated using the model presented in 

Chapter 5.  The axial component is the largest component and represents the majority of the 

loading on the tibial plateau (Kutzner et al., 2010).  The estimate of the axial tibiofemoral joint 

contact force was relatively insensitive to the assumption that the angle that the line of action the 

patellar tendon makes with the long axis of the tibia was constant.  The shear force would be 

much more sensitive to variation in this angle.  If the anteroposterior shear force was to be 

estimated, the variable line of action of the patellar tendon might be estimated by either palpating 
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the bony landmarks used to define the patellar tendon at various flexion angles or by using a 

regression equation from the literature for lower flexion angles to predict a variable patellar 

tendon line of action. 

7.5 Thigh-calf contact 

Contact between the posterior thigh and shank, which occurs at high flexion and may cause 

knee joint distraction, was not included in the axial tibiofemoral joint contact force model used in 

Chapters 5 and 6.  Preliminary work has been carried out using a pressure mat to measure the 

contact force between the thigh and calf during kneeling.  It was determined that the size of the 

mat for measuring thigh-calf contact should be approximately half the calf circumference and 

three-quarters the length of the tibia so that the mat can be wrapped tightly to the posterior calf.  

A tapered mat would be ideal since the calf tapers and wrapping the mat tightly around the distal 

calf without damaging the mat would be challenging.  An attempt was made to make a frame that 

would hold a flexible mat taut behind the thigh, but the calf-wrapping option was more practical 

to allow the mat to move with the subject.  One disadvantage of attaching the mat to the calf is 

that the mat cannot extend to the heel (to measure a second potential point of contact between the 

heel and the buttocks) without a high risk of being damaged by bending or being stepped on when 

the subject stands up from kneeling.  A digitization and landmarking protocol should be 

developed so that the position and orientation of the mat are known relative to the subject’s 

anatomy and motion tracking sensors or markers.  An additional thigh-calf contact force, which 

acts on the tibia at the centre of pressure measured on the pressure mat, could then be added to the 

model. 
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7.6 Patellofemoral mechanics 

The kinematics and kinetics data presented in this dissertation have been entirely for the 

tibiofemoral joint.  The patellofemoral joint is important in the mechanics of the quadriceps 

mechanism.  Patellofemoral dynamics should also be considered in the design and testing of total 

knee replacements, but they are outside the scope of this work. 

7.7 Recruitment of subjects  

The recruitment of subjects who could comfortably reach high flexion proved challenging.  

The asymptomatic subjects and total knee replacement patients who participated in the knee 

kinematics study presented in Chapter 2 were an ideal subject group for studying high flexion 

because they performed high demand activities on a daily basis.  These subjects came to the 

hospital in Dubai from all over the Middle East and could not easily be recruited for additional 

studies.  The North American subjects for whom axial tibiofemoral joint contact forces were 

estimated (Chapter 5) were able to reach high flexion and could kneel; however, some required 

the aid of a railing to reach maximum flexion during squatting.  The goal of the study in Chapter 

4 was to pilot a protocol for determining the effect of soft tissue artefact in high flexion because 

many of the previous soft tissue artefact studies focused on the soft tissue artefact during gait, 

which typically requires a maximum knee flexion of approximately 60º.  In particular, the 

protocol in Chapter 4 was designed to examine the effect of soft tissue artefact during activities 

that required flexion angles as high as those exhibited by the subjects in Chapter 2 while praying, 

kneeling, squatting. and sitting cross-legged (between 125º and 142º on average).  However, the 

pilot subject in Chapter 4 reached a maximum of 111º flexion.  While a study on North American 

subjects with similar flexion capabilities as the pilot subject may not describe the effect of soft 

tissue artefact for flexion angles as high as those reached by the subjects in Chapter 2, it still 
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would give a better idea of the soft tissue artefact in high flexion compared to previous walking 

studies. 

In Chapter 6, patients with instrumented tibias were studied.  The maximum flexion reached 

by one of these subjects was 103º.  Again, while this is not close to the maximum flexion reached 

in the high flexion study in Chapter 2, these subjects provide unique in vivo data about 

tibiofemoral joint contact forces in high flexion that, before now, have not been available for total 

knee replacement developers.  Ideally, patient groups with similar abilities to those from the high 

flexion study in Chapter 2 would be recruited for future studies; however, the trade-off between 

the need for fundamental information and the abilities of the subjects should be considered, as 

they were in this work. 
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Chapter 8 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR 

FUTURE WORK 

8.1 Summary 

The fundamental kinematic and kinetic data that were measured and modeled in this work are 

essential to developing better artificial knee joints that have improved function in high flexion.  A 

functionally successful total knee replacement is one that allows the patient to comfortably reach 

the flexion angles required for activities of daily living.  The kinematics determined in Chapter 2 

can be considered a target for total knee replacement designs to ensure that patients can return to 

kneeling, squatting, and cross-legged sitting after total knee replacement.   

The axial tibiofemoral joint contact forces that were estimated in Chapter 5 are one 

component of the forces that can be used in the development of high flexion knee designs during 

finite element analysis and joint simulator testing.  The kinematics and forces measured in 

Chapter 6 could be used to form a complete set of inputs for standards in knee simulator and 

fatigue testing to ensure that the implants are being tested physiologically.  In order to create test 

standards for target populations that do not have instrumented tibial implants, healthy target 

populations can be studied using the methods outlined in this thesis:  target kinematics can be 

determined as they were in Chapter 2, and the non-invasive inverse dynamics based model (with 

some consideration for the underestimation of forces) could be used to determine the axial 

tibiofemoral joint contact forces that the implant might be subjected to during a patient’s 

activities of daily living.  By testing the implants with the actual forces that can be expected in 

vivo, the components can be designed for minimum bone removal, optimum fixation, longevity, 
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and safety in operation. It can be expected that the total knee replacement will function more 

successfully in high flexion because it has been tested realistically for high flexion applications.  

As younger and more active patients are receiving total knee replacements, their higher 

performance demands are requiring improvements in performance over currently available 

designs that can relieve pain but do not always restore function.  The work in this dissertation has 

resulted in the development of performance requirements for testing of high flexion total knee 

arthroplasty components, and there is potential to develop more performance requirements for 

particular patient populations using the methods presented. 

 The major findings of this dissertation are summarized below. 

1. Estimated axial tibiofemoral joint contact forces during squatting with the heels raised off 

the floor are significantly higher than joint contact forces estimated during stair climbing, 

despite stair climbing being a single-leg support activity. 

2. The maximum estimated axial tibiofemoral joint contact forces during squatting occur at 

flexion angles that are significantly higher than the flexion angles at which maximum 

estimated forces occur during stair climbing. 

3. Following the protocol and recommendations in Chapter 4, the effect of soft tissue 

artefact can be evaluated on knee joint kinematics determined using the Fastrak skin-

mounted marker system during high flexion activities.  The soft tissue artefact can be 

measured by comparing knee kinematics from fluoroscopic shape matching to knee 

kinematics from Fastrak skin-mounted sensor tracking and calculating the described error 

metrics. 
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4. In the Middle East, subjects routinely flex the knee to over 140º during kneeling and 

Muslim prayer.  Functionally successful total knee replacements must allow patients to 

reach this degree of flexion so that they can carry out essential activities of daily living. 

5. On average, total knee replacement kinematics (the relative motion between the tibial 

component and the femoral component) can be determined to within 2.0º and 2.1 mm 

using the fluoroscopic shape matching approach.  Three-dimensional knee joint 

translation and rotation limits of agreement between this approach and an approach 

considered to have negligible error were determined. 

6. At high flexion, the output of the non-invasive, inverse dynamics based tibiofemoral joint 

contact force model presented in Chapter 5 is most sensitive to the accuracy with which 

the patellar tendon moment arm can be measured in the seated reference position, 

compared to all other input parameters. 

7. The model often underestimates the measured axial tibiofemoral joint contact force.  This 

underestimation is most likely due to a lack of co-contraction in the model. 

8.2 Recommendations for future work 

The findings presented in this dissertation will help to make the testing of total knee 

replacement components more physiologically representative of the motion and loading that the 

components will experience in high flexion.  Recommendations for future work are listed below: 

1. Investigate methods for including muscle co-contraction in the knee joint contact force 

model. 

2. Include tibiofemoral shear forces in the knee joint contact force model. 

3. Include patellofemoral joint contact forces in the knee joint contact force model. 

4. Include thigh-calf contact in the knee joint contact force model for high flexion activities. 
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5. Revise the soft tissue artefact protocol presented in Chapter 4 based on the 

recommendations given in order to improve femoral sensor tracking using the 

fluoroscopic shape matching software. 

6. Determine the effect of soft tissue artefact in high flexion by carrying out a large-scale 

study on more subjects following the pilot protocol and recommendations in Chapter 4. 

The ultimate goal is to ensure that pre-clinical testing simulates the clinical application as 

closely as possible in order to improve functional performance, design optimization, longevity, 

and safety in high flexion.  The recommended future work, described above, will be required in 

addition to the findings presented in this dissertation, to reach that ultimate goal. 
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