
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



i 

The Hong Kong Polytechnic University 

Department of Health Technology and Informatics 

 
DEVELOPMENT OF COMPUTATIONAL MODEL FOR  

TOTAL KNEE ARTHROPLASTY DESIGN  

 
WONG WAI CHI, DUO 

 

 

 

 

 

 

 

 

A thesis submitted in partial fulfilment of the requirements for 

the Degree of Master of Philosophy  

November 2009 

 

lbsys
Text Box
This thesis in electronic version is provided to the Library by the author.  In the case where its contents is different from the printed version, the printed version shall prevail.




ii 

CERTIFICATE OF ORIGINALITY 

 

I hereby declare that this thesis is my own work and that, to the best of my 
knowledge and belief, it reproduces no material previously published or written, 
nor material that has been accepted for the award of any other degree or diploma, 
except where due acknowledgement has been made in the text. 
 
 
 
 
____________________________________ (Signed) 
 
WONG WAI CHI (Name of Student) 



iii 

Abstract of thesis entitled 

Development of Computational Model for Total Knee Arthroplasty 

Submitted by 

Wong Wai Chi, Duo 

for the degree of Master of Philosophy in Biomedical Engineering 

at The Hong Kong Polytechnic University 

in November 2009 

 

Total Knee Arthroplasty is a common option to treat knee pain and restore knee 

function for osteoarthritis patients, though failure is inevitable. Implant 

manufacturers often focus on mechanical performance of implant, such as contact 

area, stress and fatigue, and consider individual response of knee geometry less, 

whilst evaluation of design on subject performance could be useful, but require 

years of continuous assessment and sometimes unfeasible. Computational 

methods provide an efficient and objective approach to investigate the parametric 

effects of loading, surgical deviation and design variations in a well-controlled 

environment, with both consideration of implant and knee components. 

Understanding these effects and their mechanisms can aid engineers and 

physicians to design better implants and establish optimal surgical protocols.  

 

The 3D geometry of knee was constructed and segmented from Magnetic 

Resonance (MR) images, whereas the geometry of implant was acquired from 

scan of digitizer. The model were assembled and simulated with surgical 

procedures and processed with finite element (FE) analysis. Parametric study was 

then carried out to evaluate different effects, such as load and bone strength on 

different flexion angle, and gait conditions. Two kinds of parametric studies have 

been done in this study. The first study aimed to evaluate the contact stress of the 

tibial insert at different load, flexion angle and gait conditions. The results could be 

verified and compared with existing experiments and finite element results. The 

second study focused on the investigation of effect of variation of the bone 

stiffness on the stress of trabecular femur, and aimed to study the mechanism of 

periprosthetic fracture upon reduction of bone stiffness. 

 

In the study of contact stress of tibial insert, the FE prediction showed that the 

contact stress ranged from about 23MPa to about 25MPa. This result was 

comparable to that of existing literatures, ranged from about 17MPa to about 

27MPa. Although the predicted stress exceeded the allowable stress 10MPa of 
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UHMPWE for the tibial insert, it did not reach the yield strength of UHMWPE. In 

the gait study of tibial insert, the contact stress formed two peaks at about 16% 

and 45% gait cycle, with contact stress about 53MPa and about 29MPa, 

respectively. The latter stress was comparable to existing literatures that peak 

stress occurred at 45-55% of gait. The former stress peak may be due to 

over-constrain on specific implant kinematics by input boundary conditions of gait. 

 

In the study of bone strength on trabecular femur, the predicted stress was 

concentrated on the apex of screw-hole, posterior supra-condylar region and 

anterior flange, consistent with clinical observation of peri-prosthetic fracture. The 

maximum predicted stress increased by about 3.87% and 2.94% at 5-degree and 

60-degree flexion, respectively when the bone strength was reduced by half. 

Although the increase of the predicted stress was relatively small, the reduction in 

bone strength resulted in reduction in bone sustainability. By comparing the 

predicted stress and yielding stress upon bone strength reduction, it was shown 

that the risk of stress yielding or micro-fracture at the trabecular layer was likely 

even at lower flexion angle. Since the maximum predicted stress shifted to the 

anterior flange region at higher flexion angle, the design of implant anterior flange 

contributed to improve the stress distribution anteriorly especially at higher flexion 

angles. This computational model could provide an efficient platform to investigate 

the change of stress distribution and magnitude on bone-implant upon sensitivity 

of different parameters. This model could aid physicians and designers to design 

better implants and surgical protocols. 
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CHAPTER I   INTRODUCTION 

 

1.1 Total Knee Replacement (TKR) – Treatment for the Painful Knee 

The TKR was firstly reported in late 1950s. The design and fit of the implant have 

improved in the past 10 years and is now believed to be safe and effective in 

treating pain and restoring function (Rankin et al., 2004). Osteoarthritis (OA) is the 

most common indication for knee replacement. Other indications are rheumatoid 

arthritis (RA), juvenile RA, osteo-necrosis and other inflammatory arthritis. TKR is 

an elective procedure to suggested candidates with radiographic evidences of 

joint damage and persistent pain (Rankin et al., 2004). After the surgery, functional 

outcome would generally be improved across the disability spectrum. About 85% 

of the patients are satisfied with the result of surgery, rapid and substantial 

alleviating of pain and improving health-related quality of life (Rankin et al., 2004).  

 

1.2 Osteoarthritis – Prevalence  

In 2000, the World Health Organizaion (WHO) reviewed and summarized existing 

prevalence studies of OA globally. The prevalence data is summarized in Fig. I-1. 

It was estimated that approximately 10% of population would have symptomatic 

OA by the age of 60. The studies were not consistent in comparing the prevalence 

rate of developing and developed countries. However, gender, ethnic and 

geographical differences were shown. Females were more affected after age of 

55. The review showed that African American was more liable to OA than 

Caucasian American (Murray et al., 2001).  

 

In 2001, The review of Green showed that 80% of the population would have 

radiographic evidences of OA by the age of 65, of which 60% of them would be 

symptomatic. It was approximated that 300,000 TKR surgeries would be taken 

place for end-stage arthritis patients in the United States (Rankin et al., 2004). In 

2005, the demand of replacement surgeries were grown by 70% in five years. In 

view of the growing demand of implant, obesity epidemic and need for revision 

surgery, the total number of replacement by 2030 would be expected to be nearly 

4.5 million in the US (Natalia et al., 2008). 
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Prevalence of Knee OA
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Table I-1 The prevalence of osteoarthritis in different regions (Murray et al., 2001) 

Ref. Population Year Diagnostic Criteria 
Solomon et 
al. (1975) 

Rural Tswana 
population of 
Phokeng, South 
Africa (AFRO) 

- Clinical Assessment 
Kellgren & Lawrence Criteria 

Davis et al. 
(1988) 

Probability samples 
of the US civilian, 
non-institutionalised 
population (AMRO1) 

1971-
75 

Radiographs 
Kellgren & Lawrence Criteria 

NHANES I Probability sampes of 
US civicilian, 
non-institutionalised 
population 
(AMRO2) 

1971-
75 

Radiographs 
Kellgren & Lawrence Criteria 

Bremner et 
al. (1968) 

Lawrence Tavern, 
Jamaica (AMRO3) 

- Radiographs 
Kellgren & Lawrence Criteria 

Carmona 
(2000) 

Spanish population, 
continential and 
islanders (EURO1) 

1998-
99 

Clinical and ACR Criteria 

Valkenburg 
(1980) 

Zoetermeer, Holland 
(EURO2) 

1975-
78 

Radiographs 

Tzonchev 
(1968) 

Sofia, Bulgaria 
(EURO3) 

- Radiographs 

Gibson et 
al. (1996) 

Karachi, Pakistan 
(SEARO) 

- Clinical Assessment 

Tamaki & 
Koga 
(1994) 

Inhabitants of 
Matsudai Town, 
Japan (WPRO1) 

1979 
and 
1986 

Radiographs 

Hoaglund 
(1973) 

Hospitalised Hong 
Kong Chinese at 
Queen Elizabeth 
Hospital (WPRO2) 

1967 Kellgren & Lawrence Criteria 
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OA incidence and prevalence cases are increasing with age. The incident rate is 

appeared to be higher at older age. The improvement of life expectancy but 

lacking of joint replacement becomes a problem to some developing countries. 

Besides age, gender was another important attributes as OA was more common 

in females (Fig. I-2). Some other factors, such as family history, increase the risk 

of OA. Diabetes mellitus, osteoporous, obesity, history of trauma, smoking, habits, 

as well as wearing high-heeled shoe, are associated with OA. Occupations 

requiring repeated knee bending, such as miners (Kellgren & Lawrence, 1952), 

dock workers (Partridge & Duthie, 1968), and farmers (Croft et al., 1992) 

presented a higher opportunity in OA. 

 

Fig. I-1 Knee OA prevalence rates with age group, sex and region (Deborah et al., 
2000). 
 

 

1.3 Osteoarthritis – The Global Burden 

One of the methods in describing Global Burden of Disease (GBD) was 

mentioned in the WHO paper (Murray et al., 2001). The GBD is estimated by the 

total of Years of Life Lost (YLL), Years of Lost due to Disability (YLD) and 

Disability- Adjusted Life Years (DALYs). The GBD of OA in 2000 (Deborah et al., 

2000) was compared with the GBD in 1990 (Murray & Lopez, 1997) in Table I-2. 
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Fig. I-2 Global total YLD, YLL and DALY of OA estimated in 1990 and 2000 
(Deborah et al., 2000; Murray & Lopez, 1997). 
 
Table I-2 Global total YLD, YLL and DALY of OA estimated in 1990 and 2000 
(Deborah et al., 2000; Murray & Lopez, 1997). 
 Males Females Persons 
YLD – 1990 5,341 7,934 13,275 
YLD – 2000 5,549 8,667 14,216 
YLL – 1990 - - - 
YLL – 2000 5 8 13 
DALY – 1990  5,341 7,934 13,275 
DALY – 2000  5,554 8,675 14,230 

 

From Table I-2, the above table, it was found that the prevalence of male to 

female was about 4 to 6. The trend of GBD was increasing in terms of YLD and 

DALY. The proportion of YLD and DALY increase was roughly similar, about 4% 

and 9% respectively, 7% overall. With the aforementioned causes and risk, the 

GBD of OA is expected to increase.  

 

In the United States, the hospitalization cost of the implant operation is high, and 

is ranked one of the top ten common operations. In 2004, knee arthroplasty 

procedures costed 488,000 hospital stays, with average 3.9 days and $13,200 per 

admission (Natalia et al., 2008). The cost of payers upon knee arthroplasty was 

more than $5 billions in 2006 and accounted for more than 50% of reimbursement 

(Natalia et al., 2008). The high demand of knee implant was reflected by the net 

sales of Zimmer, one of the largest manufacturers of implants. The company 

doubled the sales by 2007 in four years (U.S. Securities and Exchange 

Commission, 2005) with an increase of selling price of 132% since 1996 

(Orthopedic Network News, 2008). The huge bills for knee replacement would 

cause financial problems to the hospitals system, insurances and public welfare.  
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1.4 Yet Painful Implant 

With the high prevalence and heavy global burden imposed by OA, the demand of 

implant is high. In Hong Kong, it was shown that 7.7% of OA patients required a 

knee replacement and 3.7% required a hip replacement (Woo et al., 2004). With 

the aging population, the number of people using joint replacement is expected to 

increase. 

 

Despite the advancement of implant technology, failure is still inevitable. This fact 

was supported by the rate of revision TKR treatment (Rankin et al., 2004). The 

main reasons of implant failure are loosening and wear. Aseptic and mechanical 

loosening would result in joint instability and exaggerate the problem of wear. The 

wearing of articular bearing surface could result in osteolysis and infection, and 

eventually failure. RA patients, which implemented with steroid-therapy, would 

have a higher chance of peri-prosthetic fracture because of alerted bone density, 

of which has similar pathology to osteoporotic patients. All these reasons could 

result in implant failure, that may require revision surgery.  

 

The limited lifespan of implant material contributes to the inevitable failure of the 

implant. In fact, malalignment, mismatch, poor kinematics and geometry design of 

implant and surgical procedure would affect the stress distribution between the 

implant components and between the implant-bone interface that would speed up 

the wear and tear, and loosening process (Thomas, 1991). While some of the 

design features, such as stress distribution and stress shielding, range of motion 

and stability, need to be traded off, the optimal features remain a challenge to 

implant designers.  

 

Rankin et al. (2004) summarized factors influencing TKR performances as factors 

related to surgeons’ experiences, technical factors and prosthetic designs. It was 

suggested that surgeons’ experience and technique were the most influential 

factors for better outcome. Hospitals or surgeons that perform more operations 

per year had a fewer complications rate; Technical factors such as alignment of 

the prosthesis would affect the wear rate, chance of osteolysis and loosening. 

While computer navigation is believed to improve alignment and tracking, the 

technology is expensive and the efficiency is unclear; the prosthetic design 

nowadays has converged to similar features and different designs showed roughly 

similar merits. Yet, lacking of practicability and efficiency, custom-made implants 

are not popularized in the industry, patients are using pre-fabricated implants and 
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the outcome of mismatch contributing from fitting standardized implants to 

subject-specific geometry is still on research platform.   

 

 

1.5 Mismatch 

Since mismatch contributes from poor design, the problem is now one of the 

design problems that implant manufacturers are eager to tackle, of which racial 

and gender disparities are of clear evidence. Hitt et al. (2003) studied the variation 

of Medial-Lateral (ML) /Anterior-Posterior (AP) dimension between gender (Fig. 

I-3) and dimension of several implant systems (Fig. I-4). Ho et al. (2006) 

underwent research to evaluate five prosthetic systems : Duracon and Scopio 

(Stryker Howmedics Osteonics), NexGen (zimmer, Warsaw, indiana), PFC Sigma 

(Deputy – Johnson and Johnson, Warsaw, Indiana) and Uknee (United Ortho Co., 

Taiwan) , and showed that they had different overall AP and ML dimension that 

may be suitable to different populations. Since there were few distinct designs for 

Asian populations, the author commented that many of these systems that 

probably designed for Caucasians patients may not be suitable for Chinese 

patients. 

 

Fig. I-3 The ML and AP difference with respect to gender. (Hitt et al., 2003) 
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Fig. I-4 Dimensions of several implant systems (Hitt et al., 2003) 
 

Customization is always ideal yet viable. The outcome of mismatch, such as 

geometry, alignment and functional requirements that deteriorate the implant 

longevity and failure, is unclear. While the most important feature of implant was 

pain-relief and the most sensitive factor of implant success was surgeons’ 

experiences (Rankin et al., 2004), the cost-effectiveness of further optimizing 

implant designs for individual subject’s response remains doubt. 

 

As experiment and evaluation of knee implants could take about 5-10 years 

clinically,  computational platform to evaluate implant design could reduce the 

time of design cycle. The platform could facilitate better understanding on the 

design factors that influence implant performance, not only empirical comparison 

on mismatch parameters.  

 

In the long run, a semi-customization approach could be adopted in the industry. A 

mass production on different sizes could be preliminary produced. With the 

patient’s subject-specific knee geometry, computational platform could determine 

the optimization and adjustment approach on the implant. Finally, the fine 

adjustment could be realized by numerical and precision polishing and machining, 

whereas customization can be compromised with manufacturability. 
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1.6 Objectives of this Study 

TKA is a common treatment option to osteoarthritis knee. However, experiments 

of TKA requires years of continuous assessment and sometimes unfeasible. 

Computational method provides an efficient and objective approach to investigate 

the parametric effects in a well-controlled environment.  

 

The objective of this project was to establish a TKA computational platform. The 

platform started with the reconstruction of knee and implant model by clinical 

imaging and reverse engineering technique. The surgical alignment and resection 

were simulated in the platform. The assembly was then exported to FEA software 

to carry out stress analysis. At last, parametric study was carried out to verify the 

capability of the platform. In this study, the parametric study was focused on 

studying the contact stress of the tibial insert, von Mises stress of trabecular tibia, 

as well as the bone-implant interface. These studies were compared with existing 

literatures and clinical findings.  

 

1.7 Outline of the Dissertation 

After the introductory chapter, chapter II would start with introduction of functional 

anatomy of knee joint. The chapter would be followed by reviewing existing knee 

implants and explain their design features and development over years. A detailed 

review of existing finite element analysis would then be discussed. 

 

The process of finite element method in this study would be introduced in chapter 

III. The chapter begins with an overall workflow of the method. The geometry 

reconstruction of the knee and implant model would be then be discussed. The 

material properties, load and boundary conditions would be mentioned in the 

section of development of finite element model, followed by the method of 

validation. The direction of parametric study would be described at the end of this 

chapter.  

 

The results of the study are presented in Chapter IV. The first three sections would 

report the predicted results of the FE parametric analyses, based on varying 

compressive load, trabecular stiffness and flexion angle. The last section would 

present an overall FE results on a quasi-static simulation of gait.  

 

Chapter V presents a discussion of the results and findings, the dicussion is 

divided into four sections based on the direction of parametric study. The first 
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section would focus on the contact pressure of tibial component. The results of 

this section would compare with existing finite element results for verifications. In 

the second section, the bone-implant interface is discussed to explain the 

mechanism of periprosthetic fracture. Von Mises stress, maximum principal shear 

and strain would be a reference on the risk of fracture. The stress transfer 

behavior of the bone-implant interface would be discussed in the third section. 

The fourth section would be focused on preliminary results of validation. 

Limitations on finite element analysis and this study would be discussed 

afterwards. 

 

Chapter VI provides a conclusion of the project and some suggestions for 

possible future development. 
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CHAPTER II   LITERATURE REVIEW 

 

2.1Functional Anatomy of Knee Joint 

2.1.1 Knee Anatomy 

Knee joint is a synovial joint comprising of distal femur, proximal tibial and patella, 

of which the interface between the patella and femoral trochlea forms the 

patello-femoral joint. The medial and lateral femoral condylar together with the 

respective articular surfaces of the tibial plateau are named as the medial and 

lateral tibio-femoral joint (Fig. II-1). 

 

 

 

 

 

 

 

 

 

 

 

Fig. II-1 Anatomical structure of knee joint (Wu & Wu, 2005) 
 
Patella is the largest sesamoid bone in human body. It forms the extensor 

apparatus with the tendon of the quadriceps femoris muscles and patella tendon. 

The thickness of patella is about 20-30 mm; the cartilage layer could be up to 5 

mm thick. Three-quarter of posterior patella is the joint articular surface. Another 

one-quarter area is the insertion point of patella tendon, beyond the joint articular 

surface. 

The anterior side of distal femur is named as trochlea. It divides the femur into 

medial and lateral portion, and the division line is extended to the intercondylar 

notch. The intercondylar notch further extends and divides the distal femur into the 

medial and lateral epicondyles. From sagittal view, the curvature of lateral 

epicondyle is larger and more protruding, whereas the medial epicondyle is more 

posteriorly extended (Fig. II-2).  
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Fig. II-2 Bony structure of distal femur (Wu & Wu, 2005) 
 
The level of tibial plateau is not horizontal. It stands certain degree of posterior 

sloping higher anteriorly. In the centre of tibial plateau, the meniscus and cruciate 

ligament are attached nearby the tibial intercondylar eminence. The anterior 

one-third of lateral tibia joint surface is a gradual rising concave structure, 

whereas the posterior two-third is a gradual falling concave structure; the medial 

joint surface is in bowl-concave shape. Thus, the convex articular structure of 

distal femur could fit with the tibial plateau. The matching of geometry could allow 

knee flexion and extension to be performed. The rotation of knee flexion/extension 

is based on instaneous axis of rotation (Fig. II-3), mechanically similar to an 

incongruent or modified hinge joint. Normal range of knee motion has about 135 

degrees of flexion and 5-10 degrees of hyper-extension. The flexion and 

extension motion is a combination of sliding and gliding, and coupled with rotation, 

abduction and adduction.  

 

Fig. II-3 Instaneous center of rotation of knee flexion (Wu & Wu, 2005) 
 
Menisci have a triangular shape in cross section. It consists of collagen-fibre 

structure, with collagen bundles in circumferential arrangement and embedded 

fibres in radial direction. The pattern could enhance load absorption and structural 

integrity. Menisci have a superior surface in contact with the femoral condyles and 

an inferior surface resting on the tibial plateau. The medial meniscus is attached 
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to the posterior intercondylar fossa. The anterior and posterior opening of menisci 

is named as anterior and posterior horns, of which attached to the tibia. The 

anterior horn of the lateral meniscus is attached to the intercondylar fossa, 

anterior to the lateral tibial tubercle, whereas the posterior horn is attached to the 

intercondylar fossa, posterior to the lateral tubercle (Fig. II-4).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. II-4 Superior view of tibial plateau (Wu & Wu, 2005) 
 
 
Anterior and posterior cruciate ligament (ACL and PCL) is a strong ligamentous 

structure in maintaining knee joint stability (Fig. II-5). ACL becomes taut while 

extension (Fig. II-6A) and release in flexion (Fig. II-6B). It prevents femur from 

dislocate posteriorly, tibia from dislocate anteriorly, knee hyperextension and 

over-rotation. PCL becomes taut while flexion (Fig. II-6C). It prevents femur from 

dislocate anteriorly, tibia from dislocate posteriorly and knee over-flexion. ACL 

starts from the intercondylar eminence, adjacent to the anterior horn of lateral 

meniscus. It runs laterally, superiorly and posteriorly to connect the medial side of 

lateral femoral condyle. PCL starts from the posterior intercondylar area of tibia. It 

runs medially, superiorly and anteriorly to the medial femoral condyle.  
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Fig. II-5 Anterior view and posterior view of cruciate ligaments in knee joint (Wu & 
Wu, 2005) 
 
 

 

 

Fig. II-6 Cruciate ligaments in knee flexion and extension (Wu & Wu, 2005). 
 A. ACL release at extension; B. ACL taut at flexion 
 C. PCL release at flexion; D. PCL taut at extension 
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2.1.2 Anatomical Features in Joint Replacement 

2.1.2.1 Knee Alignment 
In anatomical posture, the femur head center, knee joint center and ankle joint 

center are collinear, forming the mechanical axis of lower extremity. The 

transverse axis of knee joint is parallel to ground level. The anatomical axis of 

femur shaft forms about 6-degree varus angle with the mechanical axis of knee 

joint. This valgus angle is different individually and could be related to the femoral 

anteversion angle and femur neck length. In balanced standing, the joint line of 

tibial plateau is not parallel to ground level and form about 3 degrees of valgus 

angle. The valgus angle results in asymmetrical kinematics of knee joint, that 

cause common medial compartment knee OA.  

 

In planning implant alignment, it is suggested to ignore the knee valgus angle and 

focus on constructing simple mechanical axis of knee joint. Since the valgus/varus 

and Q-angle of knee is altered, the joint axis could not be easily approximated by 

knee joint center in pathological condition. The mechanical axis of knee joint can 

be measured and constructed by assessment on the residual bones. A correct 

alignment could minimize stress concentration that result in loosening.  

 

2.1.2.2 Knee Stability 
The stability of knee joint depends on the special geometry of the bony structure, 

the constraint and balance of cruciate ligaments and the strength of extensor 

apparatus, quadriceps and hamstring. Most of the designs of knee implant rely on 

the stability of anatomical structure, especially the medial and lateral collateral 

ligaments.  

 

2.1.2.3 Patello-femoral Joint 
Patella is an important component of extensor apparatus in increasing the 

moment arm of quadriceps. Though irregular, patella has numerous quantifiable 

geometrical features, including size, thickness, articular surface geometry and 

location. The Chinese anthropometry of these patella features is different from 

that of westerners. These features would affect the patella implant design, both in 

terms of geometry and alignment.  

 

In fact, the force vector of quadriceps and tibial axis form a varus angle, Q-angle 

(Fig. II-7), thus, patella tends to dislocate laterally. In OA patient also with 

degenerative patella, the lateral ligament is often stressed and the patella tends to 

be subluxed laterally. An implant design in consideration with degenerative patella 
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and ligament release protocol is important to reduce the risk of patella dislocation 

in these patients.  

 

Fig. II-7 Q-Angle and the lateral force vector showing tendency of patella 
dislocate Laterally (Wu & Wu, 2005) 
 

2.2 Knee Joint Biomechanics 

2.2.1 Knee Joint Loading 

Knee joint sustains large loading in daily activities. The magnitude of loading 

depends on the type of activities (level walking, running, stair-climbing), or 

deformity (valgus/varus, tibial bowing), and personal characteristics (walking habit, 

pace, body weight). 

 

Knee joint loading changes with gait and posture. In balanced standing, knee joint 

loading is about 0.43 time of body weight and increase to 3.22 times of body 

weight upon walking. Stair-climbing could reach to 4.25 times of body weight. In 

walking, the instance after initial contact has a large knee loading and reaches to 

a peak at loading response. At terminal stance, the knee sustains large shear and 

torque.  

 

The hypo-elastic properties of meniscus and cartilage could maximize the contact 

area between the femur and tibia, and thus lower the contact pressure. In single 

limb support, the center of mass of body run medial to the knee and requiring the 

tensor fascia latae and gluteus maximus to maintain balance. This causes an 

uneven load distribution on the tibial plateau, leading to knee varus and valgus.   
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2.2.2 Knee Kinematics 

The normal range of motion of knee is about 145 flexion, with a maximum 

voluntary flexion of about 135 and maximum passive flexion of about 160. 

 

 

The knee flexion and extension is based on instaneous centre of rotation and also 

a combination of gliding and rolling. The motion is bought by the geometry of the 

femoral condyles and the effect of cruciate ligaments.  

 

In the initial knee flexion at 0 to 25, primary rolling of femoral condyles on tibial 

plateau occurs. As flexion continues after 25, the displacement of the condyles 

tightens the cruciate ligament and creates an anterior translational force on the 

femoral condyles. The gliding action is further facilitated by the uphill geometry of 

the meniscus. The femur condyles simultaneously roll and glide on the plateau to 

keep from running out posteriorly. Extension of the knee from flexion is essentially 

a reversal of these actions. 

 

The medial and lateral rotation of knee joint is preceded by a medial pivot at the 

medial condyle with a greater arc motion at the lateral condyle. The medial tibial 

condyle shifts slightly anterior, while the lateral tibial condyle shifts posteriorly at 

larger distance upon tibial lateral rotation. Tibial medial rotation is the reversal of 

the action. The maximum rotation angle is available at 90 knee flexion, with 

approximated 0-20 lateral rotation and 0-15 medial rotation. A slight abduction 

and adduction is also available at knee joint. The maximum abduction angle of 13 

appears at 20 of knee flexion and there exists 8 abduction ranges at full 

extension. Tibio-femoral motions indeed are not pure motion and occur as a 

coupled of motions due to the oblique axis with respect to the tibial plateau level. 

Flexion is considered as a combination with varus motion, while extension is 

coupled with valgus motion.  

 

2.2.3 Kinematic Stability 

The stability of knee joint is attributed from: geometry of meniscus and the 

articular surface; soft tissue around the knee joint; ligaments and synovial cavity. 

In terms of dynamic stability, muscles provide knee movement, sustain external 

force and stabilize the knee joint. To balance the valgus/varus loading, MCL 

sustains 57.4% load. Upon extension, cruciate ligaments sustain 22.2% load at 5 

of flexion.  
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2.2.4 Locking Mechanism of Knee 

There is an involuntary terminal rotation at the final stage of knee extension to 

provide extra stability upon standing. The action originates from shorter lateral 

tibial plateau. During the last 30% of knee extension, the lateral condyle 

terminates the roll-glide action before the medial condyle. The medial condyle 

continues to roll and results in lateral rotation of tibial to femur. The motion results 

in tension of ligaments and lodging of tibial tubercles in the intercondylar notch 

and configured into a close-packed or locked position. The unlocking mechanism 

is produced by lateral rotation of femur to tibial before flexion. 

 

2.2.5 Kinematics Features of Knee Implants 

Although implant designers tries to mimic the geometry of knee and aims at 

reproducing physiological kinematics, the knee after TKA is very different from that 

of normal knee. First of all, knee requiring a surgery is not a normal knee, and may 

undergo pathological deformity. Secondly, the geometry of knee implant system is 

different, primarily aiming at pain-relieving and constructing simple mechanical 

axis for motion.  

 

Tibial rotation is an important issue in TKA kinematics. Previous simple implant 

designs were symmetrical and restraining tibial rotation. The torque of restrain 

would result in mechanical loosening, while the pressure of medial and lateral side 

could not be evenly distributed due to the constraint. The load would shift from 

time to time leading to material fatigue.  

 

Implant stability relies on the anatomical stability of knee structure, thus, surgeons 

often face the decision of ligament sacrificing. After TKR surgery, the anatomical 

stability from the geometry fitting of menisci-condyle complex is destructed. If the 

cruciate ligament is sacrificed, the dynamic stability, as well as proprioception is 

also lost. Together with the wounded muscles and soft tissue due to surgery, the 

anatomical stability is lost and the stability from implant design would be 

demanding. However, increasing internal stability of implant would transmit larger 

load to the bone and implant interface, leading to mechanical loosening. 

Compromising anatomical and implant stability could achieve a better surgical 

outcome and preserving as much anatomical features viable could provide a 

better knee joint stability. 
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2.3 Review of Implant Designs 

2.3.1 Existing Knee Design Features 

There are various designs of total knee joints available in the market. However, 

those designs are mostly various combinations of different design features. They 

can be classified in terms of fixation method: cement or cementless, and PCL 

retaining or substituting. 

 

The use of cement and cementless fixation is controversy. PMMA cement was 

reported to be a good anchoring substance for knee implants (John, 2001). The 

operation of cementing is easy and it could repair minor irregularities between the 

implant and bone interface. However, some studies showed that the drawbacks of 

cementing outweighed cementless fixation. Besides poor transmission on 

mechanical stress (John, 2001), physiological problems, such as impairment of 

chemotaxis and phagocytosis, existed (Jones et al., 1987). Researchers strike for 

uncemented TKA and Scott et al. (1997) reported 95% component survivorship at 

212 knees after 7-11 years using cementless fixation. With the advance of 

material technology, appropriate bone-implant contact could replace the function 

of cement. Cementless porous coating can provide confirming surfaces with no 

reported incidence of osteolysis (Whiteside, 1995). 

 

PCL retaining and substituting design of knee implants were both showing 

excellent performance. Both designs had literatures proven to be better in stability, 

survivorship and kinematics than their counterparts (Sandeep & Kenneth, 2001; 

Steven & Khalin, 2001). While the selection on PCL retaining or substituting is 

controversial, PCL retaining designs were reported to have improved 

proprioception (DelValle et al., 1998) and PCL substituting designs can facilitate 

easier surgical exposure (Steven & Khalin, 2001). PCL substituting designs could 

be a better indication for major deformity, subluxed knee and residual translation 

stability (Sandeep & Kenneth, 2001). 

 

Nowadays, some design approaches involve customization of patients’ knee to 

produce the geometry of the implant. However, practicability and functionality may 

not be compromised. The methodology of customization is based on some of the 

reversed engineering techniques detailed in section 3.1. In fact, total knee 

arthroplasty has been developed for a hundred year. Extensive research has been 

done to examine different designs and geometry to produce the best implants in 

terms of their contact, kinematics and thus longevity. Researchers strive to 

enhance the fitness and geometry of the implant in view of reducing complications 
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due to mismatch. Another research area is to enhance the quality of the material 

and finishing aim at improving implant longevity. 

 

2.3.2 Development and History of Knee Implants 

The surgical resection by Fergusson in 1861 provided new treatment option to OA 

patients. In 1863, Verneuil inserted an artificial sac, using pig bladder, to avoid 

knee joint fusion. In 1940, Smith-Peterson made use of metal insert to replace 

animal tissue sac. However, pain-relieving effect was not satisfactory.  

 

Hinge design knee implant was developed by Waldius and Shiers in 1950s with 

short-term success. Hinge design with single axis could allow flexion and 

extension of the knee joint, which improved the functional limitations of a joint sac. 

However, Metal-to-metal interface resulted in high wear rate. The over constraint 

on tibial rotation, abduction-adduction also resulted in loosening.  

 

The second generation of implant was improved by Gunston in 1971 with better 

kinematics. The concept of rollback was imposed and could facilitate 

instantaneous centre of rotation and sliding. The design came to failure due to 

poor fixation. In 1973, Mayo clinic invented the Geomedic knee implant (Fig. 

II-8A). The Geomedic knee was designed with geometrically accurate femur 

shapes which increased stability of the knee joint. However, joint motion was not 

natural unless sacrificing the PCL. 

 

In 1973, the total condylar knee (Fig. II-8B) developed by Insall proposed a new 

kinematics principle. They believed that producing natural joint movement was 

more important than geometrically accurate implant. The resurfacing of contact 

surface increased stability by ensuring congruity. The reduced posterior radius 

could also facilitate deep flexion. The principle of Insall imposed high impact to the 

current implant design.  

 

In 1976, Goodfelow and O’Conner developed the Oxford knee implant. The 

implant consisted of a plastic insert on to a metal backing. The design 

incorporated better mobility and reduced tibial component wearing. Beuchel 

optimized Oxford knee and developed the LCS knee (Fig. II-8C). LCS controlled 

AP shifting of the insert and allowed axial rotation on the metal bearing. The LCS 

had the advantages of low contact stress, wear, increase in range of motion, and 

produced natural joint motion of which becomes the base of design nowadays.  
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A) The Geomedic Knee  B) The Total Condylar Knee C) The LCS knee  

Fig. II-8 Some of the original knee implants models (Carr & Goswami, 2009) 
 

Liow and Murray underwent a review and reflected TKA available in the United 

Kingdom by 1996. The below data (Table II-1) was extracted from primary and 

total knee while that of Liow and Murray included revision and uni-compartmental 

prostheses. Based on this review, there were 5 implants newly introduced before 

1980, 12 introduced between 1980 and 20 since 1990.  

 

The author discovered that 20% of TKR underwent major design changes, while 

other only taken minor modifications. The author doubted about the performance 

of “improved” design. Clinical evaluation was difficult and required long-term trials, 

whereas frequent modifications made assessment infeasible. It was also shown 

that 54% of TKR has not undergone strict testing. The author doubted the safety 

and quality of the implant and foreseen upcoming CE standard in Europe. 

 

The testing of implant becomes more important as the use of multiple modular 

designs and frequent modifications made analysis more difficult. At this stage, 

manufacturers apply similar implant material, while some advance to use porous 

material. Design often focuses on improving the articulation between the femoral 

and tibial components for better wear reduction. Asymmetrical femoral 

components show the focus of designers on the natural geometry of femur. 

Functional-based and anatomical-based were still both the two major design 

principles.  
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Table II-1 Extracted data of TKR on the UK market in 1996 (Liow & Murray, 1997) 

Manufacturer Implant Implant Type Special Design Features 
3M Condylar Knee, 1993 Cemented Asymmetrical Femoral Component 

Low Congruence 
 Hybrid Condylar Knee, 

1996 
Cemented Tibial, 
Uncemented Femoral 

Asymmetrical Femoral Component with Ultrapore ™ surface 

Asculap Blauth, 1985-1991 Hinged, Stemmed 
Cemented 

Fully Constrained 
Fully Congruent 

Biomet AGC, 1983-1986 Modular or Monobloc 
Cemented or Cementless 

Symmetrical and Asymmetrical Femoral Component 

 Dual Articular, 1990 Cemented Modular for Complex Primaries or Revision 
Semi-constrained 
Rotating Tibial Plateau 
Asymmetrical Femoral Component 

Conrin Minns, 1984 Cemented or Cementless HAP or Porous-coated Cementless 
Asymmetrical Femoral Component 
Highly Congruent 

 Rotaglide, 1986 Cemented or Cementless HAP or Porous-coated Cementless 
Asymmetrical Femoral Component 
Rotating and Gliding Meniscal Component 
Highly Congruent 

 Nuffield, 1988 Cemented or Cementless HAP or Porous-coated Cementless 
Asymmetrical Femoral Components 
Highly Congruent 
Bone-preserving 
Intra- or Extramedullary Instrumentation 

Depuy LCS, 1985 Cemented or Cementless Meniscal and Rotating Bearing Platform Options 
Congruent Rotating Patella 

 AMK, 1987-1990 Cemented or Cementless Matched Semi-congruent Femoral and Tibial Articulating 
Surface 
Unique Instrumentation 
Proportionally sized asymmetrical Femoral Component for 
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Patellofemoral Function 
Fry Insall Burstein II, 1988 Modular 

Cemented 
Posterior Stabilized 

Interchangeable Tibial Inserts, Wedges and Stems 
High Congruence 

 Scan Knee, 1988-1996 Modular 
Cemented 

Non-anatomical 

Howmedica Total Condylar, 1974 Cemented Symmetrical Femoral Component 
 Kinemax, 1988 Modular 

Cemented or Cementless 
Symmetrical Femoral Component 
Offset Dome Patella 

 Duracon, 1990 Cemented or Cementless Asymmetrical Femoral Component 
Asymmetrical Patella 
Intra- and Extra-medullary Alignment 

Johnson & 
Johnson 

P.F.C. Knee, 1984-1989 Modular 
Cemented or Cementless 

Four Levels of Congruence 
With Stems, Wedges & Augmentation Components 

 Insall Burstein Posterior 
(IB I), 1978-1980 

Cemented, Posterior 
Stabilized 

Symmetrical Femoral Component 
Low Congruence 

JRI Furlong, 1994 Modular,  
Cement or Cementless 

J-shaped Femoral Component 
Anatomical Kinematics 

New Splint 
(Waldamar Link) 

Endo-Model Total 
Rotational Knee, 1983 

Cemented or Cementless Modular with Stemmed Components 
Semi-constrained 
Rotating Hinge 
Congruent Surfaces 
Asymmetrical Femoral Component 

 TACK, 1988 Cemented or Cementless Bicondylar Asymmetrical Femoral Replacement 
Rotating Tibial Platform 
Congruent in Extension 

Smith Nephrew 
Orthopaedics 

Tricon, 1984-1987 Non-modular 
Cemented or Cementless 

Asymmetrical Femoral and Tibial Components 
Domed Patella 
Congruent Articulation 

 Genesis, 1988-1990 Modular 
Cemented or Cementless 

Asymmetrical Femoral Component 
Biconvex Patella 

 Profix, 1994-1996 Modular System Asymmetrical Femoral and Tibial Components 



Chapter II  Literature Review 
 

23 

Cemented or Cementless External Rotation Built into Articular Insert 
Biconvex Patella 

Stratec Freeman-Samuelson 
Modular Knee, 1990 

Modular 
Cemented 

Asymmetrical Femoral Component 
High Congruence 
Intra- or Extramedullary Alignment 

 Freeman-Samuelson 
Integral Knee, 1995 

Monobloc Cemented Asymmetrical Femoral Component 
High Congruence 
Intra – or Extra-medullary alignment 

 Wallaby, 1994-1995 Modular 
Cemented or Cementless 

Asymmetrical Femoral Component 
Load Distribution Principle 
High Patellar Congruency 
Extra- or Intramedullary Alignment 

Zimmer Insall Burstein II, 1987 Modular 
Cemented 
Posterior Stabilized 

High Congruence 

 Miller Galantie II, 1990 Modular 
Cemented or Cementless 

Anatomically Shaped 
Multi-radius 
PMMA Precoat or Porous 

 NexGen, 1996 Modular 
Cemented 

Posterior Stabilized or Constraint Options 
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From the summarized design data, most of the implants were using asymmetrical 

femoral component, aiming for better fit on distal femur. The designs of articular 

surface processed with high congruency for less stress concentration and better 

wear reduction. Manufacturers also developed system that was modular and 

interchangeable to cope with different patient requirements, such as cement and 

cementless, PCL retaining and scarf icing, patella geometry and alignment 

instrumentation. 

 

Today, manufacturers previously had joint ventures or have been bough out by 

competitors. The table below (Table II-2) lists the common knee implants and 

their manufacturers. The data are extracted and arranged on September 2009 

from manufacturers’ websites. The summary includes primary total condylar knee 

and does not include revision and uni-compartmental prostheses. Nowadays, 

implant underwent strict standard and quality assurance. Most of them complied 

with ISO or ASTM standard, no matter on implant performance, sterilization and 

packaging. A lot of the designs provided material testing report, showing reduction 

in wear and material longevity. Some of them included experiment and finite 

element results to show their excellences on stress distribution and kinematics.  

 

Implants were designed with modulation with different sizes and designs of 

different components to suit people with different knee sizes and demand. Some 

provide options on special features, such as porous coating and computer 

assisted surgery. In terms of design, both anatomical and functional, or a 

combination of both were the major design principles. Manufacturers focus on 

anthropometric designs to female, of which showing a greater demand, while still 

claiming compromise with male population. Deep flexion is another design trend, 

that more young adults with high demand of living could now gain benefit from the 

longevity of implants.  
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Table II-2 Extracted Data of TKR of common implant manufacturers in the market 

Manufacturer Implant Special Design Features Special Modular Feature 
Aesculap Implant 
System Inc. 

Columbus AS Knee 
System 

Designed for Computer Navigation surgery 
Designed for Minimally Invasive Surgery 

OrthoPilot Navigation  
(Computer Navigation Surgery) 

Biomet AGC Total Knee 
System 

Improved Patella Alignment and Tracking Regenerex Porous (Porous Coating) 

 Ascent Primary Knee 
System 

Improved Patella Alignment and Tracking 
Deep Flexion 

Regenerex Porous (Porous Coating) 

 Maxim Primary Knee 
System 

Special Design Tibial Component 
Reduce Micro-motion 

Regenerex Porous (Porous Coating) 

 Vanguard Complete 
Knee System 

With Numerous Modular Combinations Regenerex Porous (Porous Coating) 
Signature Personalized Patient Care 
(Surgical Planning, Registration with MRI) 

Johnsons & Johnsons 
Depuy Orthopaedics 

LCS Complete Knee 
System 

Deep Flexion  

 Sigma Knee System 
‐ CR 
‐ PS 
‐ High-Flex 
‐ RP 

Deep Flexion 
Strong Bond and Fit 
Decrease Micro-motion 
Rotational Freedom 
Shear-decoupling Self-aligning Platform for 
High Activity Demand 

Porocoat® (Porous Coating) 
Rotating Platform 

Smith & Nephrew Inc. Journey Bi-cruciate 
Stabilized Knee 
Systems 

Normal Shape-Position-Motion 
For High Level Activities 

Visionaire (MRI/X-Ray Alignment) 
Achieve CAS (Computer Assisted 
Surgery) 

 Profix Knee System Design for Instrumentation 
Simpler Surgical Technique 
Improve Surgical Accuracy 

Visionaire (MRI/X-Ray Alignment) 
Achieve CAS (Computer Assisted 
Surgery) 
OXINIUM (Oxidized Zirconium Coating) 

 Genesis II Total Knee 
System 

Improved Patella Tracking 
Anatomical Design 

Visionaire (MRI/X-Ray Alignment) 
Achieve CAS (Computer Assisted 
Surgery) 
OXINIUM (Oxidized Zirconium Coating) 
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Stryker Orthopaedics Triathlon Total Knee 
System 

Anatomical Design 
Deep Flexion 
Anterior Flange Reduce Notching 

X3 Advanced Bearing Technology 
(Strength, Wear and Resistance) 

 Scorpio NRG High Rotational Allowance 
Reduced Bone Resection 

X3 Advanced Bearing Technology 
(Strength, Wear and Resistance) 

 Scorpio Single Axis Increase Quadriceps Efficiency 
Reduce Anterior Pain 
Maintain Uniform Ligament Tension 

X3 Advanced Bearing Technology 
(Strength, Wear and Resistance) 

Wright Medical 
Technology Inc. 

Advance 
‐ Stature Knee 
‐ Double High 
‐ Medial Pivot 

Anatomical Design 
Deep Flexion 
Normal Kinematics 
Maintain Ligament Tension 

Prophecy Pre-Operative Navigation  

Zimmer Orthopaedics NexGen  
‐ NR 
‐ PS 
‐ Flex-Fixed 

Anatomical Design 
Deep Flexion 
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Due to the biomaterial technology breakthrough, much of the implant 

manufacturers designed porous coating for implant to enhance bone ingrowths 

that reduce loosening. On the other hand, surgical deviation is another major 

cause of implant failure, thus computer assisted navigator using customization 

data on surgery simulation, alignment and implant selection is another trend of 

implant development. On the long run, this customization could also assist in 

optimizing implant shape and design for better fit and performance. 

 

2.3.3 Asians and Westerners Parametric Difference 

Different implant manufacturers have been modifying their products’ geometry in 

view of demonstrating best fit to patients. They researched on the anthropometric 

differences of gender and produced a gender-specific solution, while overlook the 

effect of ethnicity. 

 

Ho et al. (2006) underwent research to evaluate five prosthetic systems: Duracon 

and Scorpio (Stryker Howmedica Osteonics), NexGen (Zimmer, Warsaw, Indiana), 

PFC Sigma (Depuy-Johnson and Johnson, Warsaw, Indiana) and UKnee (United 

Ortho Co., Taiwan). With the given main parameters AP dimension, the NexGen, 

Duracon and UKnee systems tended to overhang the ML condyles. The authors 

demonstrated that many of the systems that suitable for use in Caucasian patients 

may not be suitable for Chinese patients.  

 

In fact, investigations were carried out to prove that Chinese knees were different 

from that of westerners. Sun et al. (2002) showed that the parameters of Chinese 

knees are similar to that of Indians and Japanese, which fell into the size “SMALL” 

and “VERY SMALL” category in selecting knee systems (Khoo et al., 1993).  

Nagamine (2000) made a detailed comparison on the anatomical parameters, 

showing that OA Japanese had a larger tibial angle and a larger angle between 

mechanical and anatomical axis (Table II-3). 
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Table II-3 Comparison of anatomic configurations with OA and normal knees 

(Nagamine, 2000) 

  
Japan 
(OA) 

Nagamine, 2000 

Japan 
(Normal)

Kurosaka, 
1994 

 
 
 

USA 
(Normal) 

Moreland, 
1987 

 

France 
(Normal) 
Kapandji, 

1986 
Parameter 
(degree) 

Mean SD Mean SD Mean SD Mean 

TA 97.2 3.8 95 2 93 1.6 93 

Angle M-A 7.7 1.9 NM NM 5.8 0.7 6 

FA 81.9 2 80.2 2.2 81.2 NM 81 
TA, tibial angle; Angle M-A, angle between mechanical axis and anatomic axis of 
the femur, FA, femoral angles; NM, Not Measured 
  

 

 

In terms of alignment, Nagamine (2000) also showed that Japanese patients had 

much bowing of the femoral shaft and proximal tibial vara, with the offset of the 

tibial shaft with respect to the center of the tibial plateau. The mean anatomical 

knee axis was reported to be 5 degrees rather than that of 3 degrees in 

westerners (Wu & Wu, 2005). Furthermore, the posterior slope of tibial plateau in 

Chinese was 11.5 degrees rather than 5-10 degrees of western literature (Chiu et 

al., 2000). 

 

2.4 Review of Existing Finite Element Analyses of Implants 

2.4.1 Introduction to Finite Element Analysis 

Finite element analysis (FEA) is a numerical method in solving partial differential 

equations and integral equations. The technique based on standard numerical 

algorithms such as Euler and Runge-Kutta. 

 

FEA was firstly used in solving structural problems in civil and aeronautical 

engineering. With the advance of computer technology, the method becomes 

feasible in simulating complex geometry, sophisticated material properties, and 

nonlinear behavior, of which very useful in biomechanical applications. FEA 

provides a mean in investigating the internal stress and deformation of anatomical 

structure whereas in vivo experiments are not viable. Researchers could study 

various responses with different parameters and conditions which aids in studying 

pathological etiology in terms of biomechanics and help in design and establishing 

treatment plans. 
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FEA consists of pre-processing, solution and post-processing stage. In the 

pre-processing stage, users are required to define the problem by providing 

geometrical structure of the model, material properties, loading and boundary 

condition of the scenario. The solution stage could be achieved by the computer 

via commercial package such as ABAQUS. Users required minimal participation 

unless solution could not be yielded by default parameters. Finally, the results 

could be studied on the post-processing stage, where different physical variables 

such as stress and strain would be displayed and interpreted. 

 

The principle of iteration scheme and solution control in the solution stage is 

described in ABAQUS manual. Considering the external forces P with internal 

forces I acting on a body (Fig. II-9), the net force must be zero to achieve 

equilibrium condition (P – I = 0). 

Fig. II-9 External and Internal Loads on a body (ABAQUS, 2004) 

 

A small load increment P by nonlinear response of the structure would result in 

displacement and change internal forces (Fig. II-10). The difference by the 

applied load is now updated to Ra = P - Ia where Ra is the force residual for the 

iteration. When the structure is at equilibrium, Ra is zero at every degree of 

freedom in the model. However, it would never be exactly zero in a nonlinear 

problem. ABAQUS accepts the solution as being equilibrium when Ra is less than 

a tolerance value. Another convergence criterion is checked with ca greater than a 

fraction of ua. 
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Fig. II-10 Iteration scheme in an increment (ABAQUS, 2004). 

 

If the solution does not converge, iteration would be performed with smaller 

increment and try to bring the internal and external force into balance within 

tolerance. The increment size may need to be reduced and the calculation may 

need to be reiterated by highly nonlinear problems.  

 

2.4.2 Review on Existing Finite Element Models 

2D models were reported developed by Chu (1999) to monitor the performance of 

knee implant at single plane perspective. 3D simulations had also made with 

combinations of 1D, 2D and 3D structure to represent different structures for sake 

of reduced computational cost (Beillas et al., 2004). Researchers simplified their 

models by using simple beam element on ligaments to allow easier modeling and 

FEA processing (Penrose et al., 2002).  

 

Some research focused on particular portion of the knee to precede a more 

specific analysis. In the study of Song and his colleagues (2004), their model 

assumed rigid behavior of bones, and put extensive effort on analyzing the 

ligaments by giving it more precise material properties. Ferandez and Hunter 

(2005) presented a setting with internal patella stress and quadriceps extensor 

forces to analyze the main features of patella biomechanics.  

 

Geometrically accurate and detailed models were also considered. One of the 

examples was the model of Haut Don Chue et al. in 2002. The models included 

both trabecular and cortical bone of femur and tibial, ligaments and articular 

cartilage. Kim et al. (2008) and Completo et al. (2008) developed FE model with 

considerations of detailed geometry and material properties of bone to evaluate 
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design features of implants. 

 

Most of the simulations underwent implicit solver in dealing with static and 

quasi-static scenarios, of which producing accurate results from non-linear input, 

such as material properties and surface interactions. In fact, Godest et al. (2002) 

carried out explicit FEA to simulate gait cycle and Halloran et al. (2003) modeled 

total knee biomechanics with explicit solver. Explicit FEA proceeds with small time 

step, in advantage of dealing with relative dynamic conditions, such as impulse 

simulations.  

 

In terms of mesh type, tetrahedral and hexahedral elements were commonly used 

in 3D simulations. In fact, combinations of these two kinds of elements were also 

demonstrated. Tetrahedral element could model more sophisticated geometry 

with higher conformity whereas hexahedral components are more computationally 

feasible and produce better results in calculating load transfer in surface 

interaction conditions. Thus, hexahedral elements were often used on the tibial 

insert components. Spring elements were used to act as constraining structure, 

such as ligaments in the model. Besides, Liau et al. (2002) modeled Fuji film with 

plane strain elements to assess the actual contact characteristics of experiment 

with the film. 

 

Upon material properties used in models, existing literatures showed much 

diversity. Relative simple analysis regarded metallic component as rigid due to its 

higher elastic moduli, compared with that of polyethylene and bones. Most of the 

implant femoral components were made of titanium or cobalt alloy with elastic 

moduli ranged from 110 to 200 GPa and Poisson’s ratio from 0.3 to 0.34. 

UHMWPE generally had a lower elastic moduli compared with that of bone, 

ranged from 0.5 to 8.1 GPa. Some complicated material models were also 

reported. Godest et al. (2002) and Halloran et al. (2005) both applied a true 

stress-strain relationship on the tibial components. Moreover, Villa et al. (2004) 

made used fourth-order constitutive material characteristics on the tibial 

components.  

 

Due to the limitations of computer technology, previous FEA often focused on 

analyzing implant and omitted bone and other anatomical structures. Recent 

research included bone structures, with both trabecular and cortical division to 

study the interactions between bone and implant (Beillastic et al., 2004; Miyoshi et 

al., 2000) the elastic moduli of cortical bone ranged from 8 to 17.5 GPa, whereas 



Chapter II Literature Review 
 

32 

that of trabecular bone ranged from 0.45 to 1.5 GPa, with Poisson’s ratio 0.3 and 

0.2 respectively. With advance of medical imaging, the material properties of bone 

are now detected by apparent density of bone images. Kim et al. (2008) and 

Travis et al. (2009) made used of this methodology to evaluate implant design 

parameters on bone stress. 

 

Most of the FEA fixed one base of the models and applied load at the other end, 

while some allow limited femoral and tibial motion. Bone ingrowth and 

cementation surface interaction were applied in Miyoshi et al. (2002) and Villa et al. 

(2004) research model respectively. About 2000N load was applied in most of the 

studies, at an assumption of two to three times bodyweight of an 80kg person, 

simulating largest load upon walking. Typical flexion angle: 30, 45 and 60 degrees 

were simulated to access stress distribution at various instances. In simulating 

gait cycle, Godest et al. (2002) and Halloran (2005) varied the load magnitude and 

location in explicit FEA. The condition applied was based on the mechanical 

environment of the Stanmore knee simulator. No human subject experiments were 

conducted to validate FE results, despite some in vitro experiments were 

demonstrated.  

 

The geometry of implant and bone components were seldom reported. Most of the 

FEA reported the type and manufacturer of the knee implant. In fact, Kim et al. 

(2008) reported the size of the implant with details in dimension modifications, 

together with measurements of bones. Travis et al. (2008) also reported the size 

of implant as well as the ranking of bone density. Table II-4 shows a summary on 

existing FEA.
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Table II-4 Summary of FEA settings in literatures extracted from Carr & Goswami (2009) 
Author/Year Manufacturer/Type FEA Type Material Properties Element 

Types 
Boundary Conditions 

Component E(GPa) v 
Chu, 1999 NJLCS Knee, 

Depuy (Johnson 
and Johnson) 

2D Femoral 
UHMWPE 

110 
0.6 

NR 
NR 

Tetrahedral 2200N Uniformly 
Distributed 
Flexion Angle:0, 60, 90, 120 
Varied in Gait Condition 
Bottom Surface Fixed 

Miyoshi et 
al., 2002 

Muller-Galantie II, 
Zimmer 

3D Tibial 
UHMWPE 
Cortical  
Cancellous 

112 
8.1 
8.0 
1.5 

0.34 
0.4 
0.3 
0.2 

Hexahedral 2-1000N Concentrated 
Compressive 
Stance Phase 
Fixed on Bone Distally 

Godest et 
al., 2002 

PFC Signma Knee, 
Depuy (Johnson 
and Johnson) 

Explicit 
2D Femoral 
Component 
3D Tibial 
Component 

Femoral 
UHMWPE 

Rigid 
True Stress-strain 
Curve 

Rigid 
True 
Stress-strain 
Curve 

4-node Shell 
Hexahedral 

Varied in Gait Condition 
Max. Input Force: 2200N 
Torque: 7N (Internal) 
Translation: 200N 
(Posterior) 

Halloran et 
al., 2005 

NR Explicit 
2D Femoral 
Component 
3D Tibial 
and Patella 
Component 

Femoral 
UHMWPE 

Rigid 
True Stress-strain 
Curve 

Rigid 
True 
Stress-strain 
Curve 

Triangular 
Hexahedral 
 

Varied in Gait Condition 
Max. Input Force: 2300N 
Torque: 7.5N (Internal) 
Translation: 50N (Posterior) 

Liau et al., 
2001 

U-Knee, 
United 
Orthopaedics 

2D and 3D Femoral 
UHMWPE 
Fuji Film 

Rigid 
0.50-0.91 
0.10-0.15 

Rigid 
0.46 
0.45 

Rigid 
Element 
8-node Brick 
4-node Shell 

900-3000N Indentation 
Allow Tibial Component 
Translation and Tilting 

Liau et al., 
2002 

U-Knee, 
United 
Orthopaedics 

3D Femoral 
UHMWPE 

Rigid 
1.016 

Rigid 
0.46 

Rigid 
Element 
8-node Brick 

3000N 
Fixed Tibial Component 
Base 
 

Liau et al., U-Knee, 2D Femoral Rigid Rigid Plane Strain 300-3000N Indentation 
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2002 United 
Orthopaedics 

UHMWPE 
Fuji Film 

0.910,1.016,1.200 
0.100 

0.46 
0.40 

Fixed Femoral Component 
and Fuji Film Horizontally 

Villa et al., 
2004 

Prototype 3D Femoral 
Tray 
UHMWPE 

200 
200 
Fourth-order 
Constitutive 
Relationship 

0.3 
0.3 
0.45 

Tetrahedral 
Tetrahedral 
Modified 
tetrahedral 

Fixed Tibial Tray 
2200N@15 Degree 
3200N@45 Degree 
2800N@60 Degree 
Fatigue 
Test:500,2000,4000N 

Bartel et al., 
1986 

Insall-Burstein 
Knee 

3D Femoral 
UHMWPE 

Rigid 
0.514,Post-yield 
at 0.214 

Rigid NR 1500N, 3000N 

Kim et al., 
2008 

Advance Revision, 
Wright Medical 
Technology 

3D Tray 
Cortical 
Cancellous 

110 
17 
0.3 

0.34 
0.36 
0.2 

Tetrahedral 
 

Fixed Bone Distally 
2000N 

Travis et al., 
2009 

NexGen, 
Zimmer 

3D Femoral 
Coating 
Load Yoke 
Bone 

210 
6.9 
200 
Based on 
Apparent Density 

0.3 
0.3 
0.3 
0.3 

Tetrahedral 890N with Yoke to Interior 
Anterior of Femoral 
Component 
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Carr et al. (2009) commented that previous models often regarded femoral 

component as rigid and estimate constant Young’s modulus and Poisson’s ratio. 

Most of the studies only evaluated the response of tibial component, due to the 

common failure of wear. Despite these similarities, reported literatures could not 

be compared. This is due to the difference of specific model geometry, material 

properties and boundary conditions. However, the summary of these results could 

provide general trend and references to knee implant behavior. 

 

Table II-5 FEA results summary extracted from Carr & Goswami (2009) 
Author/Year Research Focus FEA response 

Max Compressive 
stress 

Max. 
Displacement / 
Rotation 

Chu, 1999 Contact Stress on Tibial 
Component 

17.2MPa NA 

Miyoshi et 
al., 2002 

Stress and Displacement of 
Tibial Component upon 
Different Component Shape 

23.3MPa (von 
Mises) 

NA 

Godest et al., 
2002 

Contact Stress and 
Translation upon Different 
Mesh Density, Time Step 
and Friction 

23.9MPa 4.3mm Posterior 
6.1 degree 
Internal Rotation 

Halloran et 
al., 2005 

Contact Stress and Implant 
Kinematics 

~20MPa 5.6mm Posterior 
6.1 degree 
Internal Rotation 

Liau et al., 
2001 

Contact Stress with 
Influence of Fuji Film 

~32MPa (with film) NA 

Liau et al., 
2002 

Contact Stress upon 
Malalignment 

Malalignment 
80.2 (contact) 
39.5 (von Mises) 

NA 

Liau et al., 
2002 

Contact Stress with 
Influence of Fuji Film 

NA NA 

Villa et al., 
2004 

Contact Area and Stress 
Fatigue, Compared with 
Experiment 

27.7MPa NA 

Bartel et al., 
1986 

Contact Stress of Tibial 
Component upon 
Component Conformity, 
Thickness and Material 

~40MPa NA 

Kim et al., 
2008 

Contact Pressure and von 
Mises with Different 
Stem-end Designs 

43.06MPa 
(stem-end) 

NA 

Travis et al., 
2009 

Contact Pressure and 
Principal Strain 

16.5MPa Largest Strain: 
-276 (Anterior 
Medial) 

 

The maximum contact stress of the tibial component ranged from about 17 MPa to 

about 27 MPa. The maximum stress exceeded 10 MPa (Chu, 1999), the allowable 

stress, which defined as the suggested stress limit by manufacturers that 

incorporates a safety coefficient. It also marginally exceeded the yield strength of 
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UHMWPE, 27 MPa. This showed that the stress was marginally acceptable at a 

controlled environment. However, stress failure or fatigue may occur, especially in 

malalignment, of which about 80MPa (Liau et al., 2002) contact stress could be 

resulted.  

 

2.4.3 Summary of Existing Finite Element Analyses 

Because of computational advancement, 3D and detailed knee anatomical 

models could be reconstructed, with not only bones, but soft tissues. The FE 

models nowadays could simulate bone-implant complex environment to 

investigate the effects of bone on the factors concern. The material properties are 

not confined to single value. Some researches applied true stress-strain or 

constitutive relationship to model engineering materials. The material properties of 

bone can also be adopted by detecting the apparent density by clinical imaging.  

 

Although bone-implant situation could be simulated, most of the studies still 

focused on the contact pressure of the tibial component, aiming at proving 

longevity of implant. In fact, much of the implant performance or failure could also 

be assessed at the bone-implant interface, such as loosening or stress shielding 

at the interface.  

 

Explicit FEA was applied to simulate gait condition of knee implant. However, the 

result is sensitive to mesh density and time step, of which the accuracy would be 

in doubt. Implicit FEA in simulating gait condition could provide a more accurate 

solution especially involving multiple component interactions. 
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CHAPTER III   METHODOLOGY 

 
The design approach in general was to establish a platform from design to 

prototype manufacturing of knee implant (Fig. III-1). The process started with the 

reverse engineering of knee and implant model. The model was aligned together 

and simulated with surgical resection procedures in the model combination 

phrase. The research was then focused on FEA and the parametric study. The 

manufacturing process was collaboration with research partner and is not detailed 

in this thesis. This platform could aid in understanding clinical or design problems 

of implant, as well as discovering new features or clinical finding that could aid 

clinicians to optimize surgical decision.  

 

 
Fig. III-1 Workflow of the design platform 
 
The upcoming paragraph would be divided into three sections. Firstly, the model 

reconstruction and optimization based on reverse engineering technique would be 

introduced. Secondly, the geometrical models would be combined and simulated 

with surgical alignment and resection. The models were then converted into FEA 

settings, by applying material properties, loading and boundary conditions, and 

mesh assignment. Finally, a parametric study by changing FEA input parameters 

would be discussed.  

Reverse Engineering Finite Element Analysis 

Reversed 
Knee from 

MRI 

Implant 
Digitization 

Model 
Combination 

and Optimization 
Stress Analysis 

Parametric Study 

Hardware Platform Validation 
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3.1 Geometry Reconstruction 
3.1.1 Knee Model 

Clinical images from MRI were used to acquire geometrical information of the 

knee joint. MR scan was done on a healthy female, aged 28, weighed 54kg, and 

of 165 cm tall, using a 3.0-T MR Scanner (Seimens, Germany) at 1-mm interval 

(Fig. III-2). The images taken were of right knee in neutral and 

non-weight-bearing condition. When taking the MR images, the subject had worn 

an ankle-foot-orthoses, so as to keep the foot at neutral position that in turn keeps 

the knee alignment. The subject had signed a consent form and well-introduced 

with the research purpose and procedures. 

 

Fig. III-2 The MR images of the right knee were scanned with 1mm interval at 

transverse plane (Seimens, Germany) 

 

The MR images were segmented using the software MIMICS (Materialise, 

Belgium). Trabecular, cortical bone and other soft tissue were identified to 

facilitate the setting of physical properties in different regions. The figure below 

(Fig. III-3) shows details of the bone model. 
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Fig. III-3 Reconstruction of knee with measured AP and ML distance 
 
3.1.2 Implant Model 
 
Wright total knee system (ADVANCE® Primary) would be imported to establish 

and test the platform. Parametric study of FEA would be taken place based on this 

specific model. Fig. III-4 and Table III-1 show the location of implant component 

and its dimension.  

 

 
Fig. III-4 Location of different knee implant components 

Femur Bone 
ML (dx) 71.9 mm 

Medial AP (dy) 57.2 mm 
Lateral AP (dy) 55.0 mm 

  
Tibia Bone 

ML (dx) 66.9 mm 
Medial AP (dy) 32.9 mm 
Lateral AP (dy) 44.0 mm 

1. ADVANCE® PRIMARY FEMORAL

2. ADVANCE® DURAMER® TIBIAL INSERT 

3. ADVANCE® II COBALT CHROME TIBIAL BASE 

4. ADVANCE® ONLAY ALL-POLY PATELLA 
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Table III-1 Dimension of femoral component and tibial insert 
 

Femoral Component Dimension Tibial Insert Component Dimension 

Medial - Lateral 64mm Medial – Lateral 66mm 

Lateral AP 52mm Lateral AP 41mm 

Medial AP 50mm Medial AP 41mm 

Base Max. Thickness 5mm Condylar Thickness 12mm 

Stem 15mm Radius 3mm   

 
A non-contact 3D scanner (Fig. III-5), Scan 3D II Precision (Frontier Advanced 

Technology Ltd., Hong Kong, China) was imported to facilitate the digitization of 

implant. The 3D scanner would capture the amplitude of the scanned item in a 

plane. Afterwards, the scanned item would be turned and other side of the item 

would be scanned. The scanned data were conditioned in the software, Scan 3D 

Pro (Frontier Advanced Technology Ltd., Hong Kong, China). The data were 

exported  

into point cloud format to the software Rapidform XOV (INUS Technology Inc., 

Seoul, Korea). Registration and other signal processing would be taken place. 

The images of different planes would be put together and formed a merged 

volume.  

  

 
Fig. III-5 Scan 3D II Precision with specifications 
 

The merged volume data would then be exported into Rapidform XOR (INUS 

Technology Inc., Seoul, Korea). Primitives and control spines would be modeled 

based on the merged volume. Parametric model was formed to assist in the 

preceding parametric study. 

 

Model Scan 3D II 
Precision 

Scan Volume 380x300x320mm 
Linear 

Accuracy 
0.0125mm 

Linear 
Repeatability 

+/- 0.05mm 

Optical 
Resolution 

0.1mm(Z) 
0.05mm(Y) 

 
Laser Type 

Class II laser, 
670nm, visible red 

spectrum 
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3.1.3 Model Combination 

After the geometrical reconstruction of the knee and implant model, the models 

were then imported to the software Rapidform XOR to simulate surgical alignment 

and resection. Some of the features of the implant, such as fillet and unnecessary 

boundaries, were simplified to facilitate better FE process. The model combination 

stage simulated the surgical resection procedure and aligned the implant with the 

bone. Since, this process depends on clinician’s experience, the fixture of cutting 

device, as well as the knee alignment of the patients, universal alignment of the 

component is difficult to establish. The optimal position of the implant and knee in 

this research was established by the correlation operation of the software that 

gives a relative objective alignment process. By giving its reference orientation, 

the operation could match the two volumes, by calculating the best overlapping 

volume and exterior surface (Fig. III-6). The tibial component was titled 

afterwards to ensure the shaft of the tibial component aligned with the tibial shaft, 

making about 10 posterior slope of the platform, which described in the surgical 

guideline of the implant. The resection was done by the Boolean operation of the 

software. Afterwards, some cutting planes were formed by the internal surface of 

the implant. The bones were cut by these cutting planes to remove excessive 

bone that could not be removed by the Boolean operation. Fig. III-7 shows the 

set of bone-implant complex after resection and alignment.  

 

 
 
Fig. III-6 The bone was combined with the implant by the correlation function and 
resected by the Boolean operation and cutting planes, orientated view (left) and 
transparent view (right) 
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Fig. III-7 The bone-implant complex after the model combination, surgical 
alignment and resection, isometric view (left) and posterior view (right). 
 

3.2 Development of the Finite Element Model 

3.2.1 Material Properties 

As shown in Fig. III-8, the implant consisted of the femoral component, tibial tray, 

and the tibial insert. The patella component would not be included in the 

simulation. The femoral component and tibial tray was made of titanium alloy, with 

elastic modulus and Poisson’s ratio of 110 GPa and 0.34 respectively (Chu, 1999). 

The tibial insert was made of Ultra-high molecular weight polyethylene 

(UHMWPE), which had an elastic modulus and Poisson’ ratio value of 8.1GPa 

and 0.46 (Miyoshi et al., 2002). 

 

The material property of the cortical bone was assigned orthotropic (Ashman et al., 

1984). Due to its relative rigidity to the trabecular bone, it was set consistent 

throughout the parametric study. The trabecular femur was assigned with a mean 

elastic modulus 389MPa (Rohlmann et al., 1980) and the trabecular tibia was 

assigned with 445MPa (Linde et al., 1989). Both of them were assigned with 

Poisson’s ratio 0.2. The elastic modulus of the trabecular bone would be a variant 

throughout the parametric study. All components used 3D-tetrahedra as the 

element type. 3D-tetrahedra mesh is adaptive to complex and abrupt change of 

geometry. It is also a common and computationally cost effective mesh type in 

studying compression. Below shows a summary of the material properties of 

different components.  
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Table III-2 The material properties and element type of the FE model 

Component Element 
Type 

Elastic 
Modulus 

Poisson’s Ratio Number of 
Elements 

Femoral 
Component 
(Titanium) 

3D-Tetrah
edral 

110GPa 0.34 35452 

Tibial Tray 
(Titanium) 

3D-Tetrah
edral 

110GPa 0.34 25194 

Tibial Insert 
(UHMWPE) 

3D-Tetrah
edral 

8.1GPa 0.46 15966 

Cortical 
Bone 

3D-Tetrah
edral 

Orthotropic 
E1, E2, E3, 

G12, G13, G23 
12,13.4,20, 
4.5, 5.6, 6.2 

(GPa) 

v12,v13,v23 
0.38,0.22,0.24 

18958 
(femur) 

8787(tibia) 

Trabecular 
Bone – 
Femur 

3D-Tetrah
edral 

389MPa 0.2 76589 

Trabecular 
Bone - Tibia 

3D-Tetrah
edral 

445MPa 0.2 54882 

Subscript 1: radial direction relative to the long axis of the bone, 2: tangential 
direction, 3: longitudinal direction. 
(Chu, 1999; Miyoshi et al., 2002; Ashman et al., 1984; Rohlmann et al., 1980; 
Linde et al., 1989) 
 
3.2.2 Loading and Boundary Conditions 

In this study, 2000N compressive force (Kim et al., 2008), which simulated 2.5 

times body weight of 80kg adult, was applied on the bone and implant. This 

magnitude of compressive force could simulate the normal peak load required for 

activity and also commonly adopted in existing literatures. The compressive force 

would also be varied to test the sensitivity of load. 

  

In the FE environment, two rigid ends were firstly defined at the proximal end of 

the distal femur and the distal end of the proximal tibial. This ensures better 

control for the force application and the degree of freedom, when preceded to 

more sophisticated conditions, such as gait. A static compression was achieved 

by restraining the rigid surface of distal femur and applying varying load in 

proximal femur. The load was 2000N as a starting standard in this study. (Fig. 

III-8). When studying the effect of flexion and gait, the restriction of distal femur 

was released, and the angular displacement of flexion angle was applied on the 

distal femur, while the angular displacement of the internal/external rotation angle 

was applied on the proximal tibial. Other degrees of freedom were released to 

allow the implant to move freely according to the contour between the femoral 

component and the tibial insert.  
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Fig. III-8 Load and boundary conditions for the FE model. 
 
The trabecular and cortical core of the bone were modeled as one shell and there 

was no interface action between them. The bone and implant interface between 

the femoral component and resected femur, and between the tibial tray and 

resected tibial were tied. The coefficient of friction between the femoral 

component and the tibial insert was set to 0.07 (Godest et al., 2002).The tibial tray 

and tibial insert was tied together.  

 

A gait simulation was also carried out using the FE implicit solver with quasi-static 

instance. The boundary condition of the gait was based on the International 

Standard Organization, ISO-14243-3, “Implants for surgery – wear of total knee 

prostheses – Part 3: Loading and displacement parameters for wear-testing 

machines with displacement control and corresponding environment conditions 

for test”. The boundary conditions are as shown (Fig. III-9):  

2000 N  

Restrained  

UHMWPE insert Titanium 
components 
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Fig. III-9 Compressive force and flexion angle in simulating gait condition (ISO) 
 

Since the setting of FE was applying quasi-static, the steps of the simulations 

were set to assigned flexion angle and compressive force at discrete time 

instances in the input boundary conditions in order to monitor the changes at the 

least count of steps. Unlike the ISO standard, bones were also considered in the 

current simulation. As a result, the load was applied through the centre of the 

bone as an assumption, different from that of off-set applying to the implant. The 

steps were set as followed:  

 

Table III-3. Step setting in FEA based on input boundary conditions of 
ISO-14243-3  

Step % Gait cycle Flexion/extension 
Angle / Deg 

Axial 
force/N 

Tibial int. / 
ext. rotation 

/ Deg 
0 Alignment 

stage 
NA NA NA 

1 0 0 167.6 -1.57 
2 3 1.53 1887.3 -1.7 
3 7 7.16 1174.6 0.01 
4 13 15.31 2600 1.09 
5 16 15.96 2342 1.20 
6 25 12.20 838.2 0.20 
7 41 5.13 2281.2 -1.55 
8 45 8.13 2433.5 -1.26 
9 60 41.64 167.6 1.78 

10 73 57.82 167.6 4.07 
11 100 0 167.6 -1.57 

 



Chapter III Methodology 
 

46 

3.2.3 Parametric Study of Knee Joint Setting 

After the settings of FEA, parametric study was preceded to demonstrate the 

functions of the platform. The sensitivity of load was firstly taken place. The effect 

to varying load could allow basic assessment of the model, as well as verifying the 

results with existing literatures. 2000N, representing 2.5 times of 80kg adult was 

applied as a starting line. Analyses were made from 50% to 250% of starting load 

at 25% interval, of which the interval could reveal changes apparently.  

 

The sensitivity of load study was crossed with different flexion angles to study the 

performance of knee implant at different common knee positions. Neutral position, 

5-degree, 30-degree, 45-degree and 60-degree were set by applying angular 

displacement at the distal femur, together with compressive force at the proximal 

tibial.  

 

The effect of varying bone stiffness was accessed to study the mechanism of 

periprosthetic fracture and stress shielding effect due to osteoporosis. The 

stiffness assigned in this study was converted to bone mineral apparent density 

(BMAD) for the sake of clinical interpretation of which BMAD is proportional to the 

bone yield stress (Travis et al., 2008). The yielding stress refers to the point of 

stress at which the material begins to deform plastically. While the exceeding the 

yielding stress, some fraction of deformation would be permanent and 

non-reversible.  

 

Lastly, stress transfer parameter (STP) was established to evaluate the load 

transfer ability, as a method to access stress shielding. The effect of varying 

BMAD on STP would be studied to investigate the risk of loosening due to lacking 

of bone density. 
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3.3 Validation of Finite Element Model 

Mesh convergence test was not carried out due to overwhelming factors, such as 

multiple interactions, relative large sliding, in the simulations, of which the 

convergence is not solely dependent on mesh density. In fact, the necessity of 

mesh convergence test is downfallen, due to the advancement of computer 

technology. The simulations nowadays precede mesh density sufficient for a 

converged result in terms of mesh size. In the current simulations, mesh size of 

5mm was assigned globally, while dense mesh was adapted in abrupt geometrical 

change, such as holes, to accommodate better mesh application and minimize 

errors due to mesh size. A validation via prototype was carried out instead to 

realize the validation of the FE model. 

 

Since using cadaveric human bone may not demonstrate the same bone 

geometry as the bone used in the FE model. A scaled validation of the FE model 

was proposed to validate the geometry and mesh of the FE model. The approach 

started by constructing the bone geometry same as that of the FE model by a 

rapid prototyping machine. The bone would then be fixed with the implant 

components. The bone-implant complex would be mounted on a mechanical 

testing machine. The stress distribution and magnitude of the tibial insert would be 

investigated by pressure sensors, Fuji film. The boundary conditions would 

feedback to the environment of the FEA. For example, the material property of the 

bones would change to that of the prototype. The magnitude of load applied would 

be lower and consistent with the testing load of the mechanical testing machine. 

Since validation in terms of stress of the bone, as predicted in the parametric 

studies, is not viable, the comparison would be based on the contact pressure of 

the tibial insert. Once the contact pressure is validated, the computation of the 

finite element model is assumed to be accurate within tolerance. The variation of 

different parameters in the parametric studies is also regarded as validated.  
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3.3.1 Rapid Prototyping 

The rapid prototyping machine that imported was of Fused Decomposition 

Modeling, marketed by Stratasys incorporated. The machine is of brand 

Dimension BST 768 (Breakaway Support Technology). The specifications of the 

prototype machine are listed on Fig. III-10. It makes use of a moving and heating 

nozzle to melt material, such as Acrylonitrile Butadiene Styrene (ABS) and spray 

on a particular position. The material hardens and binds together to form the 

geometrical layer.  

 

Fig. III-10 Dimension BST 768 with specifications.  

 

Fig. III-11 shows the prototype of the femur, tibial, together with the imported 

implant. The purpose of the rapid prototyping is to reproduce the exact geometry 

as the MRI, so as to validate the finite element model. 

 

 
 
Fig. III-12 Prototype of plastic bones with the implant. Sagittal view (left), front 
view (right) 

Build Size 203x203x305 mm 

Material Standard ABS 

Layer 

Thickness 

0.245mm or 0.33mm 

Prototype 
Bone 
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3.3.2 Verification of Contact Pressure 

Verification of contact pressure was commonly preceded by Fuji film (Liau et al., 

2001; Liau et al., 2002). Fuji film is a pressure sensing film, incorporated in the 

Fuji digital analysis system (Fig. III-13). 

 

Fig. III-13 Fuji Film and Fuji Digital Analysis System for Prescale (Tekscan Inc., 
USA) 
 

When pressure was applied on the Fuji film, the microcapsules were broken and 

the color-forming material reacted with the color-developing material to make red 

color (Fig. III-14). The micro-capsules are designed to break according to the 

pressure so the color density corresponds to the pressure. (Tekscan Inc., USA) 

 

 

Fig. III-14 Working principle of Fuji film. (Tekscan Inc., USA) 
 

This system could convert color density values into pressure values. The scanner 

of the system could improve data-read precision, together with calibration to limit 

scanner-read errors to a fixed range.  

 

The common types of Fuji film used in knee implant verification includes: LLW 

(0.5-2.5MPa), LW (2.5-10MPa), and MS (10-50MPa). Villa et al. (2004) applied a 

coefficient of friction of 0.12, while Godest et al. (2002) applied 0.01, 0.04 and 

0.07 coefficient of friction on the model. They produced similar results as that of 

Liau et al. (2002) of which preceded FEA with Fuji film experiments. 

 

Liau et al. (2001, 2002) also preceded study of Fuji film to investigate the effect of 
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using different types of Fuji film and they discovered that LW-type overestimated 

knee implant actual contact area by 1.2-2.4% and MS-type underestimated actual 

contact pressure by 8-14%. 

 

The calibration process was preceded with the aided of the calibration curve 

provide by the Fuji film manufacturer. Fig. III-15 shows the calibration curve of 

Fuji film. 

 

 

Fig. III-15 Calibration curve of Fuji film, showing the relationship between color 
density to applied pressure, provided by the manual of the product.  

 

Fig. III-16 Calibration graph based on temperature and humidity conditions, 
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provided by the manual of the product 
 

The room temperature in the laboratory was about 20 degree Celsius and the 

humidity was about 60%RH. Curve C was chosen as the calibration curve (Fig. 

III-16). Since the definition of color density was not clear, the density value was 

converted into color value in photo-processing software. Respective color density 

of 1.5 was valued 197, whereas that of 0.1 was valued 51. 
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CHAPTER IV   RESULTS 

 

4.1 Effects of Varying Compressive Loading 

Fig. IV-1 shows the relationship of contact pressure of tibial insert to the applied 

loading and flexion angle. Since 2000N compressive force was regarded as the 

reference of load application. The compressive load was normalized using 2000N. 

At 100% loading (2000N), the minimum predicted contact stress was 23.28MPa at 

30-degree, while the maximum predicted contact stress was 25.68MPa at 

60-degree. 

 

 
Fig. IV-1 Predicted contact pressure of tibial insert with %normalized loading in 
flexion.  
The line indicated 100% represented compressive load of 2000N, while the other 
percentage represented the multiples to 2000N compressive load. 
 
The predicted contact stress of the tibial insert was sensitive to the applied load of 

the implant. Average 23% increase of contact stress would be resulted with an 

increase of 25% applied load. This indicated that a person with higher weight 

could result in higher stress on the tibial insert, or a fall could easily impose high 

stress on the implant. 

 

Upon the shear of femur, the maximum principal shear of the cortical femur 

increased from about 1.5MPa at 5-degree to 6.4MPa at 60-degree (Fig. IV-2). 
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The minimum shear decreased by 47% and the maximum shear decreased by 

63% when the applied loading decreased by 50%. The maximum and minimum 

shear increased by 100% when the applied force increased by 100%. 

 

Fig. IV-2 Maximum principal shear of cortical femur with different %normalized 
force loading in flexion  
The line indicated 100% represented compressive load of 2000N, while the other 
percentage represented the multiples to 2000N compressive load. 
 

The maximal principal shear of the trabecular increased from about 0.288MPa at 

5-degree to 0.475MPa at 60-degree (Fig. IV-3). The minimum shear decreased 

by 49% and the maximum shear decreased by 53% when applied loading 

decrease by 50%. The minimum shear increased by 98.5% and the maximum 

shear increased by 103%. 
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Fig. IV-3 Maximum principal shear of trabecular femur with different %normalized 
force loading in flexion  
The line indicated 100% represented compressive load of 2000N, while the other 
percentage represented the multiples to 2000N compressive load. 
 
4.2 Effects of Varying Trabecular Bone Stiffness 

Fig. IV-4 shows the results of predicted contact pressure of tibial insert with 

percentage normalized trabecular bone stiffness. An elastic modulus of 389MPa 

in femur (Rohlmann et al., 1980) and 445MPa in tibia (Linde et al., 1989) indicated 

100% bone stiffness. 

 

The predicted FE results showed that stronger trabecular bone stiffness could 

reduce the contact stress of the tibial insert slightly. In fact, the sensitivity of flexion 

angle outweighed that of trabecular bone stiffness. 

 

With respect to the effect on bone, due to the strength of cortical bone, most of the 

stress was born by the cortical bone. The stress of cortical femur increased from 

20MPa at 5-degree to 59MPa at 60-degree at 100% loading. The minimum and 

maximum stress increased by 3.5% and 7.2% respectively, when the bone 

strength was reduced by half, while the minimum and maximum stress decreased 

by 5% and 18.5% when the bone strength was increased by 100% (Fig. IV-5). 

The stress of trabecular femur increased from 1.39MPa at 5-degree to 3.96MPa 

at 60-degree. The minimum and maximum stress increased by 3.87% and 2.94% 

respectively, when the bone strength was reduced by half, while the minimum and 

maximum stress increased by 6.60% and 2.31% when the bone strength was 

increased by 100% (Fig. IV-6). 

 



Chapter IV Results 
 

55 

 

Fig. IV-4 Predicted contact pressure of tibial insert with %normalized bone 
strength in flexion 
The line indicated 100% represented trabecular bone stiffness of 389MPa in 
femur and 445MPa in tibia, while the other percentage represented the multiples 
to these values of bone stiffness to femur and tibia respectively. 
 

Due to the vulnerability of stress peak at the posterior supra-condylar region of 

trabecular femur, the von Mises stress was extracted out for analysis. The stress 

value of the trabecular femur at lower flexion angle was corresponding to that of 

posterior supra-condylar region, of which representing peak stress occurred at 

this region while lower flexion angle (Fig. IV-7). 
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Fig. IV-5 Predicted von Mises Stress of cortical femur with different %normalized 
bone strength in flexion 
The line indicated 100% represented trabecular bone stiffness of 389MPa in 
femur and 445MPa in tibia, while the other percentage represented the multiples 
to these values of bone stiffness to femur and tibia respectively. 
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Fig. IV-6 Predicted von Mises of trabecular femur in different %normalized bone 
strength in flexion. 
The line indicated 100% represented trabecular bone stiffness of 389MPa in 
femur and 445MPa in tibia, while the other percentage represented the multiples 
to these values of bone stiffness to femur and tibia respectively. 
 

 

Fig. IV-7 Predicted von Mises stress of posterior supra-condylar trabecular femur 
in different %normalized bone strength in flexion 
The line indicated 100% represented trabecular bone stiffness of 389MPa in 



Chapter IV Results 
 

58 

femur and 445MPa in tibia, while the other percentage represented the multiples 
to these values of bone stiffness to femur and tibia respectively. 
 
4.3 Effects of Flexion Angle 

Upon the effect on the contact stress of the tibial insert, the contact stress 

increased with flexion angle. However, the increase was not very sensitive. The 

difference between the highest and lowest stress value in different flexion angles 

was about 6%.  

 

Fig. IV-4 shows a predicted contact stress pattern to the flexion angle, at different 

loading. The predicted contact stress was larger from neutral to 5-degree and 

gradually reduced to flexion 30 degrees. Then, It increased until 60-degree. This 

result was different from that of Chu in 1999. Chu discovered that the contact area 

decreased from area contact to line contact, with increasing flexion angle. The 

difference might be due to the specific implant model in different predictions. In 

this FE prediction, the predicted contact stress was larger at neutral position 

compared with the results from 5-degree flexion to 30-degree flexion. However, 

the implant might be at a locking stage or with certain degree of hyper-extension 

to keep the knee stable. This might reflect the reason of high stress at neutral 

position. The stress became lower from 0-degree to 30-degree flexion, which was 

a common flexion range in walking. The stress increased again from 30-degree 

flexion to 60-degere flexion due to reduction in contact area. Shuichi et al. (1998) 

conducted an experiment using K-Scan and Instron servo-hydraulic testing device. 

They showed that contact stress increased gradually with increased flexion. In 

order to verify the comparison, contact area in different flexion angles could be 

extracted to verify different models. 
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4.4 Simulation of Gait Condition 

Gait simulations were also carried out based on boundary conditions of 

ISO-14243-3. Fig. IV-8 shows the compressive force applied in different instance 

of gait cycle. Fig. IV-9 shows the steps of the FE simulating gait. 
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Fig. IV-8 Compressive force in simulating gait in different instance (ISO-14243-3) 
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Phase A, Gait Cycle:0%, 
Flexion angle 0 degree 

Phase B, Gait Cycle:3%, 
Flexion angle 1.53 degree 

Phase C, Gait Cycle:7%, 
Flexion angle 7.16 degree 

Phase D, Gait Cycle:13%, 
Flexion angle 15.13 degree 

Phase E, Gait Cycle:16%, 
Flexion angle 15.96 degree 

Phase F, Gait Cycle:25%, 
Flexion angle 12.25 degree 
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Fig. IV-9 Predicted FE results of different steps in simulations on gait  

Phase G, Gait Cycle:41%, 
Flexion angle 5.13 degree 

Phase H, Gait Cycle:45%, 
Flexion angle 8.13 degree  

Phase I, Gait Cycle:60%, 
Flexion angle 41.64 degree 

Phase J, Gait Cycle:73%, 
Flexion angle 57.82 degree 

Phase K, Gait Cycle:100%, 
Flexion angle 0 degree 
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The predicted contact pressure of the tibial insert was plotted against the 
percentage gait cycle (Fig. IV-10). 
 

 

 

 
Fig. IV-10 Predicted contact pressure of tibial insert with different %normalized 
bone stiffness in gait. 
The line indicated 100% represented trabecular bone stiffness of 389MPa in 
femur and 445MPa in tibia, while the other percentage represented the multiples 
to these values of bone stiffness to femur and tibia respectively. 
 

The predicted contact stress of tibial insert upon gait had two peaks at 16% gait 

cycle and 45% gait cycle. These two peaks corresponded to two high 

compressive forces at these two instances. At 16% gait cycle, the predicted 

contact stress reached 53MPa. At 45% gait cycle, the predicted contact stress 

reached 29MPa.  

 

Figure 4-5 shows the stress distribution along the gait and also around the 

instance of 16% gait cycle. The stress distribution was concentrated at the two 

condylar regions (Fig. IV-11).  
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Fig. IV-11 Stress distribution of tibial insert: normal stress distribution at the 
bicondylar region (up), stress shifts anteriorly at 16% gait cycle (down) 



Chapter V Discussions 
 

64 

CHAPTER V   DISCUSSIONS 

 

5.1 Contact Pressure of Tibial Insert 

5.1.1 Static Condition 

The contact stress between the femoral component and the tibial insert refers to 

the stress experienced at the surface of the tibial insert upon the touching to the 

femoral component, one or more points. The contact stress of the tibial insert 

affects the probability of wear of the knee replacement, and thus its longevity. 

Therefore, the analysis of tibial insert contact stress is necessary to judge the 

success of an implant design. Most of the existing FEA carried out an investigation 

on the contact stress of tibial component.  

 
At 100% loading (2000N), the predicted minimum contact stress was 23.28MPa at 

30-degree, while the predicted maximum contact stress was 25.68MPa at 

60-degree. The results were comparable to that of existing FE literatures, ranged 

from about 17MPa to 27 MPa. A mechanical testing experiment carried out by 

Shuichi et al. (1998) showed a contact stress of about 15MPa at neutral position 

and about 40MPa at 60-degree flexion at about 3300 N compressive force. Bristol 

et al. (1994) tested eight kinds of implants using pressure sensors at 2775N load 

with 60-degree flexion. Contact stress of about 25MPa showed the highest 

engagement in their histogram study. In fact, the predicted FE stress has not 

reached the 27MPa yield strength of the UHMWPE (Chu, 1999). However, even 

half the load, the predicted contact stress still exceeded the suggested allowable 

stress of 10MPa of the UHMWPE (Chu, 1999).  

 
The predicted contact stress of the tibial insert was sensitive to the applied load of 

the implant (Fig. IV-4). Average 23% increase of contact stress would be resulted 

in an increase of 25% applied load. This indicates that a person with higher weight 

could result in higher stress on the tibial insert, or a fall could easily impose high 

stress on the implant. The contact stress increased with flexion angle. However, 

the increase was not very sensitive. The difference between the highest and 

lowest stress value in different flexion angles was about 6%. Since, greater flexion 

would reduce the contact area of the implants and increase the contact stress 

(Chu, 1999). Insensitive stress level upon presumed flexion range may indicate a 

better knee implant design in maintaining contact area in different flexion angles.  

 
The predicted FE results showed that stronger trabecular bone stiffness could 
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reduce the contact stress of the tibial insert slightly (Fig. IV-6). In fact, the 

sensitivity of flexion angle outweighed that of trabecular bone stiffness. The FE 

prediction suggested that osteoporotic patients may not affect the wear and 

durability of the tibial component. Further observation and experiment should be 

done to prove this hypothesis. 

 

Fig. IV-4 shows a contact stress pattern to the flexion angle, at different loading. 

The contact stress was larger from neutral to 5-degree and gradually reduced to 

30-degree of flexion. Then, It increased until 60-degree. This result was different 

from that of Chu in 1999. Chu discovered that the contact area decreased from 

area contact to line contact, with increasing flexion angle. The difference may due 

to the specific implant model in different prediction. In current FE prediction, the 

contact stress was larger at neutral position compared with the results from 

5-degree flexion to 30-degree flexion. However, the implant may be at a locking 

stage or with certain degree of hyper-extension to keep the knee stable. This may 

reflect the reason of high stress at neutral position. The stress became lower from 

0-degree to 30-degree flexion, which was a common flexion range in walking. The 

stress increased again from 30-degree flexion to 60-degere flexion due to 

reduction in contact area. Shuichi et al. (1998) conducted an experiment using 

K-Scan and Instron servo-hydraulic testing device. They showed that contact 

stress increased gradually with increased flexion. In order to verify the comparison, 

contact area in different flexion angles should be extracted to verify different 

models. 

 
5.1.2 Gait Condition 

Gait simulations were also carried out based on boundary conditions of 

ISO-14243-3. The predicted contact stress of tibial insert upon gait had two peaks 

at 16% gait cycle and 45% gait cycle. These two peaks corresponded to two high 

compressive forces at these two instances. At 16% gait cycle, the predicted 

contact stress reached 53MPa. At 45% gait cycle, the predicted contact stress 

reached 29MPa. Compared with existing literatures, Chu (1999) found a 

maximum compressive stress of 17.2MPa at 55% of gait cycle, while Halloran et 

al. (2005) discovered a maximum compressive stress of about 20MPa at 

45%-55% of gait. The peak at 45% gait cycle could correspond to the results of 

these two literatures (Chu, 1999; Halloran et al., 2005).   

 
Fig. IV-10 shows the stress distribution along the gait and also around the 

instance of 16% gait cycle. The stress distribution was concentrated at the two 
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condylar regions (Fig. IV-11), which was comparable to the FE predictions of 

Georgeanu and Gruionu (2006) (Fig. V-1). When the step reached around 16% 

gait cycle, the stress of medial side shifted anteriorly abnormally (Fig. IV-11). In 

fact, a lot of existing knee implant designs were symmetrical. However, this 

implant was asymmetrical medial pivoting design, allowing tibial rotation upon 

flexion. The boundary conditions of gait may be over-constrained with the 

implant’s rotation and leading to extra peak stress. Since different implant designs 

could present different knee kinematics, such as anatomical and functional. A 

universal boundary condition for gait simulation may not be appropriate in 

comparing stress between different implant designs. 

 
Fig. V-1 Stress contour in FE prediction of Georgeanu and Gruionu (2006). 
 
5.2 Investigation on Periprosthetic Fracture 

Periprosthetic fracture was one of the causes of failure with prevalence ranged 

from 0.3 to 2.5% and 1.6 to 38% after revision surgery (Edward et al., 2004). 

Though uncommon, complications of post-periprosthetic fracture were 

devastating and rates from 25 to 75% were reported (Douglas et al., 2001). A 

majority of the fracture is associated with elderly patients with osteoporosis and 

rheumatoid arthritis patients receiving steroid therapy. These risk factors are 

related to the reduction of bone stock, thus bone strength and results in stress 

alteration of bone. Understanding the association and mechanism can aid 

physicians to decide viable knee replacement. 

 

In this study, the periprosthetic fracture would be investigated in three aspects. 

Firstly, the von Mises stress alteration due to bone stiffness reduction would be 

discussed. It is then followed by the study of maximum principal shear and strain. 

The results would then be compared to respective yielding value to determine the 

risk of fracture. 

 

From the stress contoured of FE, the stress of the femur concentrated on three 

locations: apex of screw-hole, anterior flange location, and posterior 
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supra-condylar location (Fig. V-2). These three points linked to be the fracture line 

which correlated with clinical finding (Fig. V-3). The fracture regions also related 

to flexion, as the concentrated stress shifted upon flexion (Fig. V-4). 

 

 
Fig. V-2 Concentrated stress on femur at anterior flange, apex of screw hole and 
posterior supra-condylar location. 
 

          
Fig. V-3 Periprosthetic fracture location taken from X-ray: sagittal view (right) 
frontal view (left) (Han et al., 2009). 
 

 
 

Fig. V-4 Shift of concentrated stress at different phrase of gait with different 
flexion angle. 
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However, the peak von Mises stress location changed with flexion angle. In lower 

flexion angle, the stress concentrated on the posterior supra-condylar femur 

region, or the screw apex region, while the stress would concentrate on the 

anterior flange region at a higher flexion angle. Some researchers suggested that 

the anterior flange region of the implant could affect the performance of implant. 

Indeed, the effect was more apparent on higher flexion angle, shown in this 

prediction.  

 

The von Mises stress of posterior supra-condylar trabecular femur was slightly 

lower than the value of apex of screw. However, this region is more vulnerable to 

impact and onset the periprosthetic fracture.  

 
Tissahkt et al. (1996) carried out a FEA to study the stress of distal femur after 

TKR. They applied 900N of tibiofemoral and 450N of patellofemoral joint reaction 

force. They discovered peak principal stress of 0.2MPa at the posterior condyles 

and 0.1MPa at the anterior distal regions (Fig. V-5). The stress distribution of 

Tissahkt et al. was comparable to the current FEA. The differences in magnitude 

could be due to the differences in loading magnitude and location. 

 

         

Fig. V-5 Distributions of principal stress by the FE prediction of Tissahkt et 
al.(1996): sagittal view (left), transverse section view at interior base surface of the 
implant (center), transverse section view at the level of stem end (right). 
 

Travis et al. (2009) constructed a FE model, validated by in-vitro experiment. A 

compressive load of 890N was applied to the model via a modeled yoke on the 

implant. Peak pressures of 14.4MPa, 5.0MPa and 16.5MPa were reported by 

three different kinds of implant (Fig. V-6). The peak pressure occurred at the edge 

of the bone-implant contact surface. From the results of the current FE prediction, 

the peak von Mises stress of cortical bone at 0-degree flexion to 30-degree flexion 

was about 20MPa. The difference in stress might be due to the difference in load 

application method, as well as the magnitude of bone stiffness. Travis et al. (2009) 

made use of a power-law relationship to approximate the bone stiffness by bone 

apparent density. 
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Fig. V-6 Contact pressure map of bone-implant interface surface by the FE 
prediction of Travis et al. (2009), D-1, D-2 and F-1 denotes different kinds of 
implant. 
 

The predicted maximum principal stress in the trabecular femur was plotted 

against the BMAD that converted from bone stiffness, as shown in Fig. V-7. The 

two reported yield stress of trabecular specimens extracted from cadaveric knee 

with press-fit implant (Travis et al., 2000) was included for comparisons. 

Reduction of trabecular bone stress was predicted with reducing BMAD.  

 
For a high BMAD, the predicted maximum principal stress was far from the range 

of yield stress of the bone. This showed that fracture was unlikely for high bone 

density. According to the extrapolated curve, the difference between the predicted 

maximum principal stress and yield stress became smaller with reduced BMAD 

and started to overlap with BMAD of about 0.02 g/cm3, showing a high risk of 

fracture. In fact, the predicted maximum principal stress would be expected to be 

much higher during a fall or impact condition and thus an even higher risk of 

fracture. 
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Fig. V-7 Predicted maximum principal stress against BMAD (Travis et al., 2000) 
 
According to previous literature, the shear strength and compressive strength limit 

of cortical were 67MPa and 205MPa (Reilly & Burstein, 1975), of which fracture 

was less likely compared with that of trabecular bone. However, since trabecular 

bone was highly related to bone density (Ciarelli et al., 1991) and the effect of 

reducing strength limit outweighed that of reduced stress. At high loading, the 

principal shear and compressive stress exceeded the strength limit. This may lead 

to possible risk of fracture demonstrated at higher loading, such as impact or fall, 

and higher flexion angle.  

 
Fig. V-8 shows the relationship of maximum principal strain to BMAD of 

trabecular femur. Principal strain reached about 1.9% at about 0.01 BMAD and 

60-degree flexion, while BMAD of 0.05 at neutral position had a principal strain of 

about 0.02%. It was shown that high strain was contributed by low BMAD and 

high flexion angle. Since the reported yielding strain of trabecular bone was 

0.84% (David and Tony, 1998) and the yielding strain of the bone was weakly 

correlated to the bone density (Koppedahl & Keaveny, 1998; Kopperdahl et al., 

2002), strain failure was suggested for patients with BMAD lower than 0.02 at high 

flexion angle.  
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Fig. V-8 Predicted maximum principal strain against BMAD in different flexion 
angle.  
 

In fact, there were few in-vitro experiments to monitor the strain of the bone. 

Travis et al. (2009) conducted a FEA and in-vitro experiments and installed strain 

gauges on the implant at the bone-implant interface. Strain of about 0.025% - 

0.027% was found in their in-vitro experiment and FE simulations. Since Travis 

and his colleagues (2009) attached strain gauges on the implant surface at the 

bone-implant interface. The results were also confined to the anterior-medial and 

anterior-lateral regions. Further experiment should be made to verify the current 

FEA.  

 
5.3 Effect of Trabecular Stiffness on Stress Shielding 

Quite a number of implant-users were elderly with osteoporosis or rheumatoid 

arthritis patients receiving steroid therapy. Pre-existing osteoporosis reduced 

bone strength and could impose further risk on loosening and osteolysis. The 

effect of trabecular bone strength reduction to stress shielding was assessed to 

evaluate the risk of future loosening. 

 
Stress Transfer Parameter (STP) would be the parameter representing the 

effectiveness of stress transfer, defined as the average von Mises stress ratio 

between the trabecular bone and the implant at the bone-implant interface.  

 

Fig. V-9 shows the effect of BMAD on STP in different flexion angle. The STP 

increased with increasing BMAD, indicating less chance of stress shielding. An 

increase of 0.02 of BMAD could increase about 1% STP.  
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Fig. V-9 Effect of BMAD on STP in different flexion angle 
 

The increase of BMAD indicated an increase of material stiffness of trabecular 

bone. The increase of stiffness resulted in higher load sharing proportion that 

leads to higher stress transfer capacity. The STP also increased with degree of 

flexion due to a higher stress at a higher flexion angle. The STP of neutral position 

was also abnormally higher because of higher stress due to possible locking and 

hyperextension of the implant.  

 

There was different research on stress shielding of bone. Tissakht et al. (1996) 

constructed a FE model with 900N tibiofemoral force and 450N patellofemoral 

force. They defined stress shielding effect by the reduction of maximum 

magnitudes of strain energy density. A maximum stress shielding was 15%, 

occurred at the anterior distal corner of the femur. Completo et al. (2009) 

developed a FE model of tibial and implant tibial component, with a compressive 

force of 1440N medially and 880N laterally. Completo et al. (2009) defined stress 

shielding as the reduction of principal stress compared with that of intact bone 

model. A maximum stress shielding of 82% was found at the medial portion of the 

implant (Fig. V-10). 
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Fig. V-10 Stress shielding of medial and lateral compartment of the implanted 
tibia (Completo et al., 2009) 
 
Reduction of stress shielding of 82% could correspond to the stress transfer 

parameter of about 6-12% in current study. Due to the large difference between 

bone and implant stiffness, implant took up most of the stress from the load. 

Stress shielding was a common problem and 70% of TKR cases experienced 

radiographic evidence of bone loss (Cameron & Cameron, 1987; Mintzer et al., 

1990). Further experiments should be made to better quantify the effect of stress 

shielding. 

 

5.4 Preliminary Results of Validation 

The prototype together with the implant was mounted on the material testing 

machine (Instron, United States) for compression test. Due to difficultly in 

controlling mounting and applied force, manual load application mode was 

preceded. Fig. V-11 shows the stress contour of different load application. The 

relative position of the contour to the tibial insert was arbitrary.  

 

 

Fig. V-11 Pressure contour of Fuji film at 58.64N (left), 78.25N (center), 102.60N 
(right) compressive force. 
 



Chapter V Discussions 
 

74 

The stress contour of about 50N compressive force showed less stress pattern on 

the film, while that of about 100N showed both pressure patterns on the 

bicondylar regions. All of the results showed maximum contact stress at the 

medial condyle region posteriorly. The color density values were 1.21, 1.45 and 

1.48. However, all these values in curve C exceeded the permissible error range. 

The contact pressure of compressive force would have about 12MPa contact 

stress. The latter two exceeded the measurable range this Fuji film. About 14MPa 

and 15MPa would be found by interpolating the calibration curve.  

 

The scaled simulation of the FEA was based on the setting of the experiment 

validation. The material used by the prototype bone was ABS P400, with strength 

modulus of 1834MPa and Poisson’s ratio of 0.34. Compressive load of 58.64N, 

78.25N and 102.60N, as the experiment was applied to the model. The predicted 

results of the contact pressure of tibial insert were presented in Fig. V-12.  

 

Fig. V-12 Predicted FE results at compressive load of (left) 58.64N, (center) 
78.25N and (right) 102.60N. 
 

The predicted peak contact pressures were 1.362MPa, 1.602MPa and 1.951MPa, 

which was apparently smaller than that of experimental results. All of the predicted 

stress distributions were of area contact. The Fuji film results had relative less 

contact area, compared with FE prediction or other pressure-sensing experiment; 

this could due to the hardness of the Fuji film difficult to be confined into the 

curved contour of the implant, leading to wrinkles inside. K-Scan (Tekscan Inc., 

USA) could be imported for the experiment for better contouring on the implant, as 

well as calibration of the device. The alignment of the implant was difficult to 

maintain, due to the special geometry of the bones. Rotations of the bones were 

difficult to resist. A special fixation had to be made to keep the bones in place, 

especially in validation experiment of studying the effect of flexion.  

 

5.5 Limitations of this study 

The implant model used in the study is a specific model. The predicted FE results 

may only specific to the current implant design. As new design concepts were 

coming out, new implants may have more special features, for example, 
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demonstrating real kinematics, deep flexion, or for high-activity use. Individual 

designs also gave different contact area, stress at different loading and flexion 

angle (Bristo et al., 1994). Some of the conditions, such as displacement input or 

load input may not be applicable to these design features. The knee model had 

only included the bones of tibial and femur, the robust of other soft tissues had not 

taken into account. Some constraints, such as ligaments and muscles or soft 

tissue impingement could affect the result outcome.  

 

Since implant manufacturers would not disclose their implant designs, the model 

of implants were captured by reverse engineering technique. However, the 

scanned model captured was of point cloud format. The parametric information 

was based on the technical and clinical knowledge to build the model by the 

volume of point cloud. Implant manufacturers may have their parametric designs 

based on their criteria. Using these criteria to construct a computational model 

could be more accurate and could facilitate better parametric study based on 

varying targeted design features. In fact, the reverse engineering technique 

consists of error contributed from optical resolution/accuracy, as well as the 

optimization upon noise reduction via software. 

 

The alignment and surgical resection was based on mathematical analysis of the 

model. In real situation, clinicians had to assess individual patients’ limb alignment 

and pathology to determine the best surgical planning. Alignment and surgical 

deviation could be large and affect the implant performance.  

 

In the simulation of gait walking, the boundary condition given by the ISO is 

universal for implant testing. In fact, as patient’s knee could adapt to new walking 

gait, knee implant designs may not always expect to produce the same knee 

kinematics. For example, anatomical implant designs mimic real knee kinematics. 

However, functional implant design may focus on producing simple joint axis and 

reduce implant wear or allow high demand of activity. Using a fixed kinematic data 

as the boundary condition to simulate gait would over-constrain the components 

and lead to additional stress. In fact, values larger than three times body weight 

was reported (Costigan et al., 2002; Kuster et al., 1997). Maximum load could 

reach to 6 times body weight (Seireg & Arvikar, 1975). Heinlein et al. (2009) also 

believed that the boundary condition of the ISO-14243-1 was not strict enough 

and higher torque should be imposed.  

 

The data acquisition via MRI imposed certain errors, such as machine error and 
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software segmentation error, despite the fact that the outcome of model 

construction via clinical imaging is relatively accurate. MRI with a registration on 

CT scan could yield better image quality for segmentation of different portion, 

such as bone, soft tissue and ligaments. However, due to the ethical guidelines in 

research in Hong Kong, there is a tight regulation in applying CT scan because of 

its radiation hazard. Meanwhile, MRI was applied as the most convenient and 

appropriate option.  

 

In carrying out FE simulations in this study, some simplifications and assumptions 

had been imposed. In terms of material properties, the cortical bone was assumed 

orthotropic and the trabecular bone was isotropic. Both of the stiffness of the bone 

was assumed homogeneous. In carrying out the parametric study, due to the 

relative rigidity of cortical bone, the stiffness of cortical bone was kept constant 

and only the stiffness of trabecular bone was changed. The material properties of 

titanium alloy and UHMWPE used in the model were adopted from existing 

literature, whereas different manufacturers could use different types of the 

material. Material test on compressive strength and strain should be done to 

confirm the material properties of titanium alloy and UHMWPE. Parametric study 

of these materials could also be preceded. In fact, Au et al. (2007) commented 

that changing of material property of implant would influence the stress 

distribution and magnitude of the bone, because stiffer material take over much of 

the bone stresses. Villa et al. (2004) investigated the UHMWPE with fourth-order 

constitutive relationship. Gefen (2002) suggested that orthopaedic fixation with 

elastic properties of natural bone would reduce the effect of stress shielding.  

 

In load and boundary conditions, the interface between the bone and implant were 

assumed to be hard contact with a coefficient of friction. In fact, a filler layer of 

cement should be formed between the interfaces. Moreover, some of the surface 

of the implant was coated with beads which encourage ingrowth of bone tissues. 

The interface interaction of embedded tissues could vary with time makes it 

difficult to be simulated in the FEA. The alignment and surgical resection of the 

bone to implant was based on mathematical analysis of volume and shape, 

whereas in real situation, a clinician would assess the patient’s lower limb 

environment and the pathology of the knee joint to determine the alignment and 

resection, of which could impose large deviations. 

 

The FE results lack concrete validations to backup. Existing FE results may 

produce a reference but is not strictly comparable due to their specific implant 
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model and different FE settings. The discovery from the current FE results also 

requires further clinical observations to support the hypothesis.  
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CHAPTER VI   CONCLUSIONS AND FURTHER STUDY 

 

6.1 Conclusions 

TKA has been a common option to treat knee pain. Computational methods 

provide an efficient and object approach to investigate different parametric effect. 

In this research, a computational platform by using FEA was developed. Previous 

FEA often focused on contact pressure of tibial insert. In fact, FEA comprised of 

bone-implant complex could be helpful in understanding the influence of implant 

on the bones. 

 

The sensitivity of load and flexion angle was assessed on the contact pressure of 

tibia insert, followed by the simulation of gait condition. This study could compare 

the result with existing literatures. Contact pressure was sensitive to the 

magnitude of load and less sensitive to flexion angle and bone stiffness. Under 

2000N compressive force, the predicted minimum contact stress was 23.389MPa 

at 30-degree, while the predicted maximum contact stress was 25.68MPa at 

60-degree. The result was comparable to existing literatures and fall within the 

yielding of tibial insert material. 

 

The parametric study of bone stiffness could investigate its influence on 

periprosthetic fracture. Von Mises stress, principal shear and strain were 

presented. With BMAD less than 0.02, the von Mises stress of trabecular femur 

reached to about 1.5MPa; principal shear reached to about 0.5MPa; strain 

reached to about 0.2% at neutral position. BMAD less than 0.02 could lead to high 

stress, shear and strain in the FE prediction, which exceeded the yielding of bone 

and lead to possible risk of fracture.  

 

The ratio of von Mises stress at the bone-implant interface was defined as stress 

transfer parameter (STP). The STP was about 6% at BMAD of 0.01 and reached 

to about 10% at BMAD of 0.1. Stress sharing of the bone was about 6-10%, 

corresponding to 80% stress reduction of bone in Completo et al. study (2009). 

 

Current studies process much significance in the area. First of all, The 

computational platform for TKA had contained both section of femur and tibia as 

well as all implant components, except patella, of which comparative more 

comprehensive than existing models. The cortical bone was applied with a more 
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realistic orthotropic material properties, while the sensitivity of trabecular bone, 

differently, in the trabecular tibia and femur, were studied. Secondly, The FE 

model had been applied to study scenario and clinical situations, such as 

periprosthetic fracture and stress shielding. The investigation on the relationship 

between bone density and risk of fracture provided quantitative information about 

periprosthetic fracture to clinicians that have not been previously reported. Lastly, 

current study made use of a prototype-feedback approach to validate the FE 

model via Fuji film, since the validation of knee implant is difficult due to knee’s 

sophisticated kinematics and ethical issues. Though the approach was not 

well-established, the inspiration could be continued to validate knee implant model 

invasively.  

 

This research aimed to provide a design platform in aiding the design and 

manufacturing of knee implant. Parametric approach could demonstrate the 

capability of the platform and aid engineers and clinicians in understanding the 

mechanism of knee implant and knee. The parametric study in this research 

demonstrated the understanding of the relationship between bone density and 

periprosthetic fracture and stress shielding. 

 

6.2 Suggestions for Further Study 

In this study, parametric study on loading, knee flexion angle and bone stiffness 

has been carried out and verified with existing literatures and clinical findings. In 

fact, other parameters could be considered to establish more comprehensive 

environmental factor considerations, aid in implant design or establish treatment 

protocols. Coefficient of friction, bone-implant interactions could be studied to 

understand their effects on stress distribution on bones and implants. Surgical 

deviation, such as malalignment of implant alignment, subject-specific knee 

alignment, could be studied to aid in establish more precious surgical guidelines. 

Parametric study on different knee implant features, such as ML/AP ratio, stem 

length, flange size, could be benefit to allow optimization of knee implant design 

and mass-customization of implant size and geometry. 

 

No matter FE studies, or experimental studies, research results only focus on 

specific knee implant design models and make results incomparable. Standard 

testing protocol should be established to unify the methodology or FE study and 

experimental study. Different implant designs should be characterized in terms of 

their parametric features, such as curve surface radius, implant length/width and 

stem length. 
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The boundary condition provided by ISO-14243-3 may not be universal to all 

implant designs, because different implant designs may design different locus of 

knee movement that not necessary to be inappropriate. The standard should be at 

least categorized into anatomical design and functional design. In fact, the ISO 

standard was designed for testing of implant, of which the bones were not 

considered. As a result, current simulation imposed assumption on the application 

of the boundary conditions on the bone instead of the implant. Heinlein et al. 

(2009) commented that applying conditions by nomenclature of knee joint was not 

appropriate. Force and moment components on the implant should be studied for 

better boundary input. Heinlein and his colleague (2009) developed an 

instrumented telemetric tibial tray (Fig. VI-1) to study the forces and moments of 

the implant, while level walking, stair-climbing and stair-descending, aiming to 

provide continuous kinematic assessment in-vivo. These data would be useful in 

establishing accurate boundary conditions for FEA. 

 

Fig. VI-1 Instrumented tibial tray developed by Heinlein et al. (2009) to study the 
forces and moments of the implant. 
 

Since controlled kinematic data were input to the FEA, the effect of malalignment 

of implant components or individual subject knee alignment had not carefully 

taken into considerations, because the knee could alert the kinematics to adapt 

the malaligned implant. A knee-ankle-foot complex FE model, embedded with the 

implant model, should be developed. Together with the motion capture system 

and force platform, the adaption of the lower extremity could be assessed and the 

boundary conditions applied on the model should be more accurate. The model 

could also study gait alteration by different implant designs as well as surgical 

deviations. A more detailed anatomical model including soft tissues and ligaments 
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could also monitor the kinematic role of ligament as well as soft tissue 

impingement effects of the implant. 

 

Further clinical application could be studied, such as effect of misalignment, 

cementing and mismatch, while the current model could also further extend to 

study different design parameters on the clinical outcome. 
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