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Abstract 

After Total Knee Arthroplasty, contact stresses at the surface and stresses at the implant-cement-

bone interface are directly related to the joint contact forces. These stresses are a major factor in 

wear and fatigue, aseptic loosening, stress shielding and osteoporosis. Implant contact stresses 

influence the wear and fatigue damage of the Ultra High Molecular Weight Polyethylene 

(UHMWPE) articulating surface, decreasing the longevity of the implant. The contact stresses 

are influenced by the kinematics, the bearing congruency of the articulating surfaces and insert 

thickness. Thus, various studies have focused on the prediction and optimization of kinematics at 

the joint interface, contact areas, and stresses in different knee implant designs. As a result, the 

successful total knee replacement designs depend on joint kinematics and the contact stresses. 

The objective of this study was to perform contact stress analysis on a newly designed surface 

guided knee implant, in order to evaluate the design with respect to the potential of polyethylene 

wear. In order to test the performance of this design, Finite Element Modeling (FEM) was used 

as a good medium to analyze the design’s specifications, and to evaluate the results of the stress 

analysis of the design. For validation and also comparison with previous studies, results of this 

study were compared with those of related work with similar loading and constraints. Based on 

the gathered data from FE analysis of the design, it can be concluded that the new surface guided 

knee implant shows lower peak contact pressure than other previously evaluated implants.  
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Terminology 

TKR (Total Knee Arthroplasty) 

A surgical procedure to replace the weight-bearing 

surfaces of the knee joint to relieve pain and disability. 

It is most commonly performed for osteoarthritis. 

UHMWPE (Ultra High Molecular 

Weight Polyethylene) 

 

A subset of the thermo-plastic-polyethylene with a 

molecular mass usually between 2 and 6 million u. The 

longer chain serves to transfer load more effectively to 

the polymer backbone by strengthening intermolecular 

interactions. This will result in a very tough material, 

with the highest impact strength of any thermoplastic 

presently made.  

Osteoarthritis 

 

A group of mechanical abnormalities involving 

degradation of joints, including articular cartilage and  

bone. Symptoms may include joint pain, tenderness, 

stiffness, locking. 

Osteolysis 

Refers to an active resorption of bone matrix. It often 

occurs in the proximity of prosthesis that either causes 

an immunological response or changes in the bone’s 

structural load. 

Stress shielding 
Refers to the reduction in bone density as a result of 

removal of normal stress from the bone by an implant 

Bone cement 

Artificial joints are anchored with bone cement. It fills 

the free space between the prosthesis and the bone and 

plays the important role of an elastic zone. Chemically 

it is Plexiglas. 

Knee Resurfacing 
It has been developed as a surgical alteration to TKR 

by removing very little bone compared to TKR 

Acute 
An acute disease is a disease with a rapid onset and/or 

a short course. 

Chronic 
It is a human health condition or disease that is 

persistent or otherwise long lasting in its effects. 

Aseptic loosening 

Loosening of an implanted device as a result of tiny 

particles generated at the bearing couple of a joint. 

When these particles overwhelm the joint capsule's 

ability to clear them, they can induce an inflammatory 

response that can lead to bone loss and subsequent 

implant loosening. 

http://en.wikipedia.org/wiki/Joint
http://en.wikipedia.org/wiki/Articular_cartilage
http://en.wikipedia.org/wiki/Subchondral_bone
http://en.wikipedia.org/wiki/Subchondral_bone
http://en.wikipedia.org/wiki/Joint_locking_%28symptom%29


 

1 

 

Chapter 1 

Introduction 

1.1 Objectives 

In 2005, it was reported that 38300 knee revisions have been done in the United States, and this 

number is expected to rise to over 268000 by 2030 [1]. To reduce the number of revisions, 

improvement in the longevity of total knee arthroplasty is needed. Prediction and evaluation of 

contact stresses on tibial insert can lead to developing better knee implants. Functionality of knee 

joint implants depends on several factors including: joint kinematics, contact mechanics and load 

distribution. The load distribution within implant components, and the bone-implant interface 

depends on joint kinematics. Joint kinematics depend on a variety of factors like the design of 

implant, shape of tibio-femoral articulating surfaces, alignment of components, and the tension 

of surrounding soft tissues like ligaments. 

The main indication for total knee arthroplasty is relief of severe disabling pain caused by 

osteoarthritis. All the activities in daily living like walking and stair climbing impose large loads 

of about 3 to 5 times of body weight on the human knee. Sometimes these excessive loads would 

result in injuries or degeneration in joint ligaments, menisci, cartilage and bone. In severe 
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conditions total knee replacement would be needed. Each year, approximately 130,000 Total 

Knee Replacements are performed in the United States only. 650,000 knee replacements 

occurred all over the world in 2010. Less than 10% of knee replacements are partial knee 

replacement and all other are total knee replacements. Due to all the changes that have happened 

in our lifestyle, knee replacements have increased by 84% from 1997 -2009.  1.8% (11,833) of 

all the patients were 18-44 years old. 95% of patients report that they are satisfied with their 

procedure, and 80% of knee replacements last 20 years or longer [2]. To overcome the problems 

due to the shortcomings of the current implants, some studies over the last decade have focused 

on designing and evaluating patient-specific implants. Some of these custom design implants 

have used anatomical data of the patient in order to provide better sizing. Obesity, lack of 

exercise and higher expectations of the patients have led to increase in the number of total knee 

replacement surgeries. 

UHMWPE wear generates wear particles and might lead to osteolysis and in long-term might 

result in implant loosening. UHMWPE wear is related to the extension of contact areas and to 

the magnitude of contact pressure. The contact areas and pressures depend on the degree of 

conformity, mechanical alignment and fixation of the components. The alignment and the shape 

of the articulating surfaces strongly influence the contact pressure and von Mises stress 

distributions. Surface guided knee implant that is patient-specific might be able to reduce the 

contact pressures and von Mises stresses and eventually reduce the possibility of wear in 

UHMWPE. The goal of this project is to evaluate this new surface guided knee implant by using 

finite element modeling to check if it can affect the contact pressures and von Mises stresses on 

articulating surfaces of the implant. 
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1.2 Structure of the thesis 

The thesis consists of six chapters. 

Chapter 1 is the introduction, giving an outline of the research and the structure of the thesis. 

Chapter 2 reviews the concept of total knee arthroplasty. In this chapter, knee anatomy, 

kinematics and motion are mentioned briefly. Then, the previous studies that have analyzed the 

stresses on knee implants by using finite element modeling are reviewed. This chapter also 

introduces the concept of surface guided knee. 

Chapter 3 explains the steps that have been taken in this project to get the proper results in 

ANSYS. All the pre-processing and post processing steps have been explained in this chapter. 

In Chapter 4, all the results in this project are reviewed and discussed in detail. 

Chapter 5 summarises the main findings and reports the conclusions of this project. 

Chapter 6 is the last chapter of the thesis which puts forward some recommendations for future 

work. 
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Chapter 2 

Literature review 

 

2.1 Kinematics and kinetics of knee 

The knee permits flexion and extension about a transverse axis, slight medial and lateral rotation 

about the axis of the lower leg in the flexed position as well as rotation along the long axis of the 

knee. The center of the transverse axis of the extension/flexion movement is located in a place 

where both collateral ligaments and cruciate ligaments intersect. 

The subject of this project is about the femorotibial joint thus this joint will be described in more 

details. The distal end of the femur has a curved articular surface (Horseshoe shape with the bend 

of it in the front of the femur). The two ends of the more which extend backward are called 

medial and lateral condyles. These surfaces would articulate with the medial and lateral tibial 

condyles and would form the femorotibial joint which can cause the knee to flex and extend. The 

knee joint rather than being a hinge joint has also some translational and rotational movements.  
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Figure 1: Left: Anterior view of flexed knee joint with ligaments – Right: Posterior view of knee joint with ligaments, 

Adapted from Netter [3] 

The main angular motion of the femorotibial joint is flexion/extension, although both these two 

movements can also happen: 1. Medial/lateral (internal/external) rotation and 2. Varus/ valgus 

(adduction/abduction) motions can also occur to a lesser extent. These motions occur about 

definable but changing axes. The axes for femorotibial flexion/extension can be simplified as a 

horizontal line that passes through the femoral epicondyles. 

 

Figure 2: Left: Quadriceps femoris from anterior side- Right: Biceps femoris, semitendinosus and gastrocnemii from 

posterior side, Adapted from Sobotta [4] 
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Two primary muscle groups are responsible for flexion and extension of the knee: 1.The 

quadriceps and 2. Hamstrings (Figure 2) Extension of the knee is the result of contraction of the 

quadriceps and the flexion of it is the result of the contraction of hamstrings. Plus, ACL and PCL 

provide rotary and anterior/posterior stability. Their passive tension would limit the femur 

movement, thus it won’t slide off the tibia or vice versa. MCL and LCL provide medial-lateral 

stability. The three largest and most important movements of the knee are flexion/extension, 

anterior/posterior translation, and tibia rotation (Figure 3). 

 

Figure 3: Knee motion [5] 

2.1.1 Range of motion 

For the purpose of this project, more detail would be explained about the range of motion in the 

flexion. During a normal knee flexion, tibio-femoral motion is both sliding and rolling between 

contacting tibia and femoral condyle surfaces [4]. This movement has been restricted by the 

geometry of the knee bones, the menisci and the muscular attachments like tendons and 
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ligaments. The range of motion of the knee has been defined by Hoppenfeld (1976) which is 0 

degree extension to 135 degrees of flexion. The amount of the internal and external rotation 

about the knee is approximately 5 to 10 degrees in each direction. Mainly, the rotational 

component of the knee joint would be necessary in extension movements. 

 

Figure 4: A walking gait cycle [5] 

Gait is the path of movement using human limbs of which walking is the most common one. The 

gait cycle is defined as the period from heel contact of one foot to the next heel contact of the 

same foot. The cycle can be broken into two sections: 1. Stance phase 2. Swing phase. On 

average, 60% of the gait cycle duration is in stance and 40% is in swing. In the early part of the 

stance phase, the heel strikes (HS) the ground, then progressing to foot-flat during stance and 

then to the forefoot contact during the final stance phase which will end with toe off (TO). The 

walking cycle has been illustrated in figure 4. 

2.1.2 Forces on knee during flexion 

Schipplein and Andriacchi (1991) reported that the normal pattern of knee contact forces during 

stance phase of level walking has three peaks [5].  
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Figure 5: Typical pattern of the knee contact force during level walking in 5 sections: Initial contact (IC), Loading 

Response (LR), Mid-Stance (MSt), Terminal Stance (TSt), Pre-Swing (PSw), Initial Swing (ISw), Mid- Swing (MSw) and 

Terminal Swing (TSw) [6] 

The pattern that has been derived in their studies is shown in figure 5. In the study of Morra and 

Greenwald (2003), the three most highly loaded positions in the walking gait cycle, heel-strike 

(0° of flexion, 1950 N), mid-stance (20° of flexion, 1560 N), and toe-off (15° of flexion, 2340 

N), were simulated. The medial compartment receives 60% of these loads [6].  

2.2 UHMWPE in implants 

UHMWPE was first used in TKR in about 1968 [7]. Due to its proper characteristics, after more 

than 50 years, it is still being used for the tibial bearing surface in TKR. Polyethylene wear, 

loosening, instability and infection are the prevalent reasons for TKA revisions. Among all these, 

polyethylene wear has been identified as one of the primary reasons for long term failure. After 

TKR, microscopic polyethylene wear particles are released into the tissue surrounding the joint. 

These particles can cause acute or chronic biological responses resulting in osteolysis, aseptic 

loosening of the implant and even revision. Due to prolonged life expectancy and the rising 

number of arthroplasties being performed in younger patients, longer survival TKR is necessary. 

Thus, decreasing wear of UHMWPE tibial insert by using the results of computer modeling can 
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lead to knee implants with a longer life span. Early wear of UHMWPE is affected by the lack of 

conformity of the articulating surfaces, the thickness of the polyethylene component, component 

alignment and the elastic modulus of the polyethylene. The dominant UHMWPE wear modes in 

total knee implant are pitting and delamination [8]. 

1968 1969 1977 1978 1984 1991 1994 

UHMWPE 

first used in 

knee by 

Gunston 

First report of a 

knee simulator 

Poly II 

commercialized by 

Zimmer 

Gamma 

sterilization in air 

commonly used 

Poly II withdrawn 

from market 

Hylamer-M 

launched by 

Depuy-DuPont 

Smith & Nephew 

commercializes 

radiation-free 

sterilization 

1997 1998 2001 2003 2008 2008 

Hylamer-M 

withdrawn 

from market 

Smith & 

Nephew 

converts to 

calcium-

stearate-free 

UHMWPE 

Sulzer Medica/Centerpulse 

commercializes Durasul, the first highly 

crosslinked poly for knee (Initiated by 

 Urs P. Wyss) 

Smith & Nephew 

switches to 

compression-

molded GUR1020 

UHMWPE 

Biomet 

commercializes 

E-poly for knees 

Smith & Nephew 

commercializes 

VERILAST 

Technology 

Figure 6: UHMWPE timeline [8] 

The stresses associated with these damage modes are the maximum principal stresses acting 

tangent to the surface and the maximum shear stresses. The range of the maximum principal 

stresses and the maximum shear stresses increase when the contact stresses on UHMWPE 

surface are increased. Thus, knowledge of contact pressures and areas in TKR is a reliable factor 

to predict the potential wear of UHMWPE [9]. In this project, highly cross-linked ultra-high 

molecular weight polyethylene is going to be used. In body temperature (37 degrees of Celsius) 

maximum true stress of UHMWPE is 35.7 MPa and yield stress is 20.2 MPa. [10] Based on the 

work of Ries et al. [11], the mean 20 million cycle fatigue strength for UHMWPE is 32 MPa. 

2.3 Patient-specific knee implants 

There are numerous different types of TKRs on the market. Many designs consist of a polymer 

component between two metal components. As a result of knee replacement, normally the distal 

end of the femur is replaced by a metal femoral component, which resembles the femoral 
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condyles, and the proximal tibial end would be replaced by a metal tibial tray which 

accommodates the polymer tibial insert. The performance of TKRs can be improved by 

increasing the range of motion, normal kinematics and improving motor performance [12]. An 

alternative approach which is combined in this project is to utilize the guiding features in the 

shape of the condyles to guide the motion without relying on cruciate ligaments or a cam-post 

mechanism. Thus, surface guided knee designs control motion through interaction between the 

specifically shaped tibial and femoral articulating surfaces which dictate the location of the 

femur on the tibia as knee flexes [13]. The early wear of the UHMWPE tibial bearing component 

is the main cause of TKR failure [14]. UHMWPE debris particles can create osteolytic reactions 

leading to implant loosening and failure. Primary UHMWPE wear modes that have been 

identified in TKR are pitting, delamination and abrasion/adhesion [15, 16]. Although orthopedic 

implant surgeries have been done for over 30 years, current knee implants still are not able to 

satisfy patients with different ages, anatomies and life styles. Therefore, the implants that are 

going to be used are expected to have specific characteristics considering mechanical, anatomical 

and biological requirements [17, 18].  

To overcome the problems due to the shortcomings of the current implants, some researches over 

the last decade have focused on designing and evaluating patient-specific implants [25-26]. 

Some of this custom design implants have used anatomical data of the patient body in order to 

provide better sizing [19, 20] , and some of them have used gender-based data in order to design 

the implant [21, 22]. In these approaches, the first step for custom design is taking the image data 

from the CT scan or MRI data of the patient. This data would be imported to appropriate 

software for editing and creating three-dimensional reconstruction of the patient’s knee [23]. 

Different geometrical parameters could be used for analyzing. Yongtae Jun (2011) [19], refers to 
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the parameters from bony morphology of the proximal tibia and distal femur as shown in figure 

7.  

 

Figure 7: Geometrical parameters of femur and tibia that have been used for the implant [18] 

In order to have a patient-specific implant, these anatomical-geometrical data could be used for 

designing the implant. 

Fitzpatrick et al. [24] applied probabilistic and finite element methods to evaluate the relative 

contributions of implant design, surgical alignment and subject-specific factors to TKR 

mechanics. They concluded that while design features can definitely influence tibio-femoral 

contact mechanics and tibio-femoral kinematics (in deeper flexion). On the other hand, surgical 

factors were the primary contributors to ligament tensions and subject-specific factors influence 

the joint loads, quadriceps force and tibio-femoral kinematics substantially. Bali et al. [25] 

evaluated patient-specific TKR compared to non-patient-specific TKR. They concluded that 

patient-specific TKR, allows the surgeon to individualize each patient, and reduce the incidence 

of alignment outliers. 
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2.4 Finite Element Modeling 

The finite element method is used to find numerical solutions for complex problems. This 

analysis method involves dividing a solid continuum into smaller finite elements which are 

connected at nodes (finite element mesh). Instead of obtaining an analytical solution for the 

complex problem, solutions for each of the finite elements are obtained, which provide an 

approximate result to the complex problem. By using mesh refinement, the approximate result 

approaches the true result. The successful total knee replacement designs depend on joint 

kinematics and the contact stresses. One of the effective ways for evaluating these characteristics 

during both, the design phase and clinical performance, is to use computer modeling. Finite 

element modeling is a proper choice and could be used to determine internal stresses and strains, 

and also kinetics and kinematics by being constrained by physiological boundary conditions. 

Therefore, finite element methods have been adopted in investigation of TKR failure [26]. 

 2.4.1 Implicit and explicit finite element analysis 

The finite element method (FEM) has become the most popular method in both research and 

industrial numerical simulations. Variety of algorithms with different computational costs have 

been implanted in the finite element codes like ANSYS and ABAQUS which are commonly 

used software for finite element analysis [27]. To date, two approaches have been used for stress 

analyzing. The first approach estimates the location of the contact between the femoral 

component and the polyethylene insert at a specific instant during the gait cycle. By this method, 

the location that contact would occur in a healthy knee could be estimated. Bartel et al. [8] have 

used this method to compare the polyethylene stresses generated by a range of commercially 

available designs. In this study, the articulating surfaces of the femoral and tibial component of 
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eight knee designs were measured to determine the shape of the surface, and the femoral condyle 

was positioned in the natural equilibrium position with respect to tibia and where natural position 

was not obvious due to less conformity, the average knee data of healthy patients were used for 

estimation. The second approach is by simulating the activity cycle and applying displacement-

based boundary conditions to move the femoral component relative to the tibial insert. The 

boundary conditions are based on kinematic data derived from the literature, a separate kinematic 

analysis or in-vivo kinematic data. Sathasivam et al. (1998) [28] used TKR kinematics in a three-

dimensional finite element model in order to analyze polyethylene stresses. First, they developed 

a three-dimensional kinematic model with rigid bodies that reproduced motions of the 

experimental Stanmore knee simulator. Then, the predicted motions were used to define the 

relative positions of the prosthetic components within a three-dimensional finite element model 

and a series of static finite element analysis was performed at various flexion angles. In this 

study, two designs of total knee replacements were analyzed to determine how the geometry of 

their bearing surface would affect the susceptibility of their UHMWPE tibial inserts to 

delamination. This method accounts for the motions and stresses endured during walking and 

makes different predictions regarding the likelihood of delamination compared with the 

predictions made by conventional static compression tests performed when the knee is in a 

neutral position. 

However, there are limitations in the analysis that need to be considered. The input data for the 

forces, moments, and flexion-extension angles were determined on the basis of calculations for 

normal patients, while there can be variations in these input cycles for a patient with a knee 

replacement depending on the type of knee replacement. In addition, activities involving higher 

flexion angles were not considered in this analysis even though they produce higher stresses and 
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there is the potential for edge loading. Furthermore, local changes in geometry due to 

deformation of polyethylene were not considered in rigid body model. 

Estupinan et al. [29] used a two-dimensional nonlinear finite element model to simulate stresses 

in polyethylene components of non-conforming TKR subjected to cyclic moving loads. They 

examined the possible roll of residual stresses in damage mechanism of the insert by using large-

strain FE analysis with an elastic-plastic model for the insert. The major limitation of all this 

analysis is that they either assume the replaced knee to be statically loaded, and in cases that 

there was motion, it was imposed by controlled displacements. In vivo, the motions of the knee 

are controlled by imposed forces, either directly by the joint reaction force or indirectly via the 

restraints of the surrounding soft tissues, namely ligaments. Plus, explicit FE methods have also 

been used to develop models of TKR that are able to determine joint kinematics and insert 

stresses simultaneously during force-controlled conditions [30]. 

In calculation of nodal accelerations, explicit FE methods differ from implicit methods. Explicit 

methods use a diagonal mass matrix, and hence calculation of dynamic equilibrium is relatively 

trivial and does not require simultaneous solution of a system of equations. After calculating the 

accelerations, the velocities and displacements are advanced “explicitly” through time assuming 

constant acceleration. The time increment must be very small because of the constant 

acceleration assumption and in contrast to implicit methods; explicit solutions may require 

hundreds of thousands of increments [31]. 
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2.4.2 Contact stress analysis of knee implants 

Through past decades, different methods have been used for stress and contact problems 

including pressure sensitive films and finite element method. Finite element models have been 

used to analyze the natural knee and the knee implants. The natural knee FEM results can be 

used as a reference to determine whether the kinetic or kinematic results from implant Finite 

Element Analysis (FEA) are reasonable. 

2.4.3 Stress analysis during gait cycle 

In several previous studies finite element modeling has been used to estimate the stress 

distribution in implants during the gait cycle. In 1996, Ishikawa et al. [32] have developed a two-

dimensional FE model to evaluate the effect of contact kinematics on the polyethylene tibial 

insert during a gait cycle. The relative positions of the TKR components during a gait cycle were 

derived from in vivo fluoroscopy data. For evaluating the pressure distribution on tibial insert at 

various stages of a gait cycle, static FE analysis was used. In 1997, Balasubramanian et al. [33] 

used more realistic positions of TKR components. Fluoroscopy was performed on a patient who 

flexed the knee from 0 to 85 degrees. A two-dimensional FE model of the prosthesis in the 

sagittal plane was built, and then the fluoroscopic data was used to move the components. In 

1998, Reeves et al. [34] used a two-dimensional sagittal plane model to examine the growth of 

plastic strains in the polyethylene tibial insert due to repetitive loading. In this study, anterior-

posterior motion of the femoral component was controlled by applying a displacement history. 

To complete the finite element model of the knee implant, the soft tissues of the knee should be 

taken into account. In both, the Estupanian et al. and the Reeves et al. studies, dynamic loading 

has been modeled. The limitation of all these works was that either the replaced knee was loaded 
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statically or the displacements were controlled. In 2002, Godest et al. [35] used an explicit finite 

element model to simulate the kinematics and the internal stresses in knee implants during a gait 

cycle. In this study a three-dimensional finite element model was used to predict the motion, and 

the polyethylene stresses when a knee joint replacement is subjected to complex loading 

conditions. The femoral component was modeled as rigid body using shell elements. An 

advanced penalty method which is based on contact algorithm was used to model the contact 

between the two components. 

 

Figure 8: a. Femoral component, b. Tibial component [34] 

In 2002, Miyoshi et al. [36] developed a three-dimensional finite element model of a total knee 

replacement’s articulating surface to examine the component with and without a posterior cut-out 

slot. The FEM was modeled based on perfect tibial surface plate-tibial base plate bonding. The 

material properties for the tibial component were assumed to be isotropic and homogeneous. The 

tibial base component material including the stem was titanium alloy with an elastic modulus of 

112 GPa and a Poisson’s ratio of 0.34. The tibial surface component material was UHMWPE 

with an elastic modulus of 8.1 GPa and a Poisson’s ratio of 0.4. The material properties of the 

proximal tibia were determined from the CT scan grayscale information. In 2004, Beillas et al. 

[37] have developed a generic FEM of the lower body limbs by using data from two patients to 

validate a one legged forward hopping test. In this study, the proximal femur, distal tibia, foot 
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and ankle have been modeled by using rigid body elements while using shell elements for the 

surfaces. Thus, the researchers were able to provide the exact surface for contact detection, as 

well as to provide positional information for the attachment of the ligaments. However, the 

translational and rotational differences between the model and the experiment varied during the 

mid-phase of the gait cycle. The authors have discussed that geometry, boundary conditions and 

ground reaction force measurements are some of the factors that may contribute to these 

inconsistencies. In 2007, Harryson et al. [38] evaluated their patient-specific designed knee by 

comparing the proposed smooth surface at the interface with a model of conventional five flat 

interface surfaces.  

 

Figure 9: a) 3D computer model of a custom femoral implant and a cut distal femur b) 3D computer model of a standard 

conventional femoral implant and a cut distal femur [37] 

Chandran and Amirouche (2009) [39] focused their 3-D analysis on a part of a specific knee 

design, a femoral cam-tibial post articulation in a posterior cruciate substituting TKR, and 

suggested various design parameters that would optimize femoral rollback. In this study, the 

effects of changes in the geometric parameters of the tibial post on femoral rollback were studied 

in three different computer simulations. Three-dimensional models of the femoral component 

and tibial insert were created using measurements from the J&J PFC Sigma prosthesis. The tibial 

post modifications were incorporated into the model creation. These components were then 
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assembled for high flexion angle in a design software program and quasi-static finite element 

analysis of the model was then performed. Essentially, the entire geometry is broken into 

elements which are connected through nodes and then ANSYS generates the necessary force-

displacement equations and computes the stress strain relation under the conditions prescribed. A 

non-linear contact model was developed to study the rollback mechanism and distribution of 

pressure on the interfaces of the components. Pressure values from experimental results were 

applied to the femoral component to induce rotation. As an initial analysis to investigate the 

relationship between tibial post geometry and femoral rollback, different tibial post designs were 

considered.  As a second analysis, the curvature of the tibial post articulating surface was 

changed while keeping the remainder of the tibial post design parameters constant. For the final 

analysis, design parameters from the first and second analysis were combined and characterized 

according to posterior rollback, pressure distribution on the tibial post, average pressure 

distribution on the tibial insert and maximum pressure distribution on the tibial insert [39]. This 

model allows quantification of femoral rollback and associated tibial post contact pressures 

associated with multiple changes in tibial post component geometry. However, there are some 

major limitations; this model was quasi-static in nature, and it only considered the posterior 

displacement of the femur at the beginning of femoral rollback (80° knee flexion). A thorough 

analysis over a wider range of flexion angles is needed to be completed to determine if the stress 

increment in higher degrees of flexion would happen. Component motion was only constrained 

by the inherent geometrical shape of femoral component and tibial articulating interface. 

Rollback was considered to be symmetrical medially and laterally, and finally the effects of 

ligaments and dynamic stabilizers were not considered in this model, although they are known to 

effect rollback in vivo. 
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A number of computational studies have used finite element methods to predict relative bone-

implant motion. These models have typically evaluated minimal sets of loading conditions. 

Chong et al. [40] evaluated micro-motion at five discrete intervals during an entire activity cycle. 

Taylor et al. [41] compared micro-motion of three designs during five activities, with each 

activity discretized into 46 to 48 loading steps and the loading conditions from a single patient 

were evaluated during each activity. 

In 2013, Tuncer et al. [42] conducted in vitro mechanical experiments on ten human cadaveric 

knees, and the results of bone strain measurements were used to validate four tibia and four 

femur models of the uni-compartmental knee replacement (UKR). Sensitivity assessments and 

convergence studies were conducted in this study to optimize modeling parameters. Few studies 

have also predicted the stress and strain of ligaments as the solid models of these parts were 

introduced [43, 44]. Changes in cartilage stress associated with different flexion angles have also 

been reported [45, 46]. 

In 2013, Kwon et al. [47] compared biomechanical specifications and stress results of fixed-

bearing and mobile-bearing for uni-compartmental knee arthroplasty by using finite element 

method. They concluded that the in vitro wear of PE inserts in knee arthroplasty devices depends 

on the magnitude, frequency, and orientation of kinematic inputs. 

2.4.4 Stress analysis of failure of UHMWPE 

Due to the precise results of finite element analysis, several studies have investigated TKA 

failure. Villa et al. [48] have studied the contact stresses of UHMWPE inserts of mobile bearing 

knee prostheses by means of FEM and experimental tests. In finite element analysis of TKR 
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failure, most models include a femoral component, a tibia bearing component and a tibial tray. 

The femoral component was modeled as a rigid body, and the tibial components were modeled 

as elastic material. Godest et al. [35] used springs in their model to simulate the action of the soft 

tissue of the knee. Essner et al. [49] studied the effect of tibial sagittal radius on wear. They 

found that by decreasing the sagittal conformity of a given TKR design, rotational stiffness 

would decrease and also wear would decrease eventually. Rawlinson et al. [50] analyzed stress 

conditions of three contemporary tibial configurations using FEM with non-linear material 

properties. Due to the non-linear property of UHMWPE, it should be taken into account in FE 

analysis. Taylor et al. [51] analyzed the influence of eccentric loading on the stress on the tibial 

articulating surface component by comparing the FEA results. 

 

Figure 10: Non-linear true stress-true strain for UHMWPE material model [50] 

In this study the coefficient of friction between the femoral component and tibial bearing 

component, and the tibial bearing component and tibial tray (in a mobile-bearing implant) of 

0.04 was used. Taylor et al. [51] showed that polyethylene wear failure may occur in ideal 

alignment conditions, dependent on the activity of the patient or design and materials. However, 

when a design is subjected to misalignment conditions, failure will be more rapid and complete. 

Under the action of anterior-posterior force, the tibial component translate in the posterior 
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direction initially and then slightly in the anterior, the posterior translation reaching a peak value 

at about 0.6 seconds of the gait cycle. After 0.6 seconds of the gait cycle, the tibial components 

translate in the anterior direction. The internal-external rotation of the tibial trays followed the 

same trend as the applied internal-external torque on them. Due to the different implant 

geometries and differences in the loading and boundary conditions, the translation and rotation 

values in different studies are not exactly the same. In 2005, Bei et al. [52] predicted contact 

pressure during gait cycle and calculated wear area and volumes of UHMWPE in a fixed-bearing 

total knee replacement. They showed that early wear of UHMWPE is not only affected by the 

conformity of the articulating surfaces, the thickness of the polyethylene component and the 

elastic modulus of the polyethylene, but it is also influenced by contact loads and surface 

kinematics. Multi-directional motion and load on tibiofemoral joint contributes to greater 

polyethylene wear. Kinematic motion in fixed-bearing TKA is controlled by bearing surface 

geometry in both the frontal and sagittal planes. The most influential parameter is the sagittal 

radius of the tibial surface. Both internal-external rotation and anterior-posterior displacement 

are affected by sagittal geometry. The less the constraint between the bearing surfaces, the 

relative sliding, and eventually the wear would be greater. Mobile-bearing implants can 

theoretically increase conformity due to the addition of inferior bearing surface without 

transferring excessive stresses to the implant-bone interface. Due to the larger contact area in 

mobile-bearing designs compared to fixed-bearing designs, the wear is less in mobile-bearing 

implants. The motion in mobile-bearing designs is uni-directional, thus it is another reason for 

lower wear rate in mobile-bearing implants. The proximal femoral articulating interface 

experiences very low rotation because the majority of the rotation occurs at the distal interface 

[53]. Thus, at the femoral-insert articulation the motion is also preferably unidirectional and 
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similarly has a low wear rate and mobile-bearing knee rotating design translates complex input 

motions into more unidirectional motions, so the wear rate would reduce due to decreased cross 

shear on the molecularly oriented UHMPWE. In the contrary, the rotation of the knee in the 

fixed-bearing TKA occurs mostly at the femoral-insert articulation. The resulting 

multidirectional wear path at this interface increases the amount of cross shear on the 

polyethylene articulating surface, and thus produces a higher wear rate when it is subjected to 

higher rotation kinematic inputs. In 2014, Gilbert et al. [54] integrated retrieval findings of tibial 

post damage with finite element analysis to redesign the anterior tibial post-femoral box 

articulation. They also concluded that the significant improvement in terms of surface damage to 

the tibial post will likely persist over longer implantation times, given the linear, cyclic nature of 

wear. Recently, in 2014, Innocenti et al. [55] developed a numerical procedure to predict 

polyethylene wear for patello-femoral interactions after TKA by means of finite element 

analysis, and the numerically predicted data have been compared with experimental outputs. 

2.4.5 Pre-processing in finite element analysis of TKA 

Finite element analysis can be divided into three processes: pre-processing, solve process, post-

processing. The pre-processing involves the generation of the finite element mesh. At this point, 

material properties, element properties, loads and boundary conditions are selected. 

2.4.5.1 Loading and boundary conditions for stress analysis 

The boundary conditions applied to the model in Godest et al. [35] work were aimed to 

reproduce the mechanical environment existing in the Stanmore knee simulator (Walker et al. 

[56]).  
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The femoral component was allowed to translate in the inferior-superior direction, to rotate about 

a frontal axis to simulate valgus-varus rotation, and to rotate about a transverse axis to simulate 

flexion-extension. The tibial insert was allowed to translate in the anterior-posterior direction, 

and to rotate about a fixed vertical axis located in the middle of the tibial condyles to simulate 

internal-external rotation (Figure 11). 

 

Figure 11: The mechanical arrangement for the knee simulation machine [55] 

In the work of Miyoshi et al. [36], each finite element model was fixed distally at the base of the 

bone. Concentrated 1000 N axial loads were applied perpendicular to the surface on both sides of 

the tibial component. Two loading conditions were evaluated. The normal condition was 

asymmetrical loading, where the loading points were two thirds from the anterior side, and in the 

middle portion of each condyle. The other loading condition was mal-rotational loading due to 

the condition of instability between the tibial and femoral components. The loading points were 
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applied at the medio-posterior edge of one condyle and antero-lateral to the middle portion of the 

other condyle. (Figure 12) 

Harryson et al. (2007) [38], used three positions out of a gait cycle for the analysis: 1. The center 

position for the reaction force which represents a standing position,  

 

Figure 12: Two loading condition- Miyoshi et al. [35] 

2. The middle position representing the end of a normal walking cycle, and 3. The back position 

representing extreme position for climbing stairs. Load and constraints of this patient-specific 

designed knee implant is shown in figure 13. 
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Figure 13: Load and constraints of the knee implant in Harryson study [37] 

In 2005, Shi et al. [57] developed finite element models of fixed and mobile bearing implants in 

ANSYS. The material for the femoral component, tibial bearing component and tibial tray are 

cobalt-chrome alloy, UHMWPE and titanium alloy. With these models, three different stages of 

the gait cycle (15, 45 and 60 degrees of flexion) were simulated. At each load stage, the tibial 

tray was fixed, and a vertical axial load was applied at the femoral component.  

 

Figure 14: Three different stages of gait cycle in Villa et al. study [47] 

The vertical forces were 2200 N, 3200 N and 2800 N at these three specific degrees of flexion 

(Villa et al. [48]) .The stress distributions in the fixed and mobile-bearing implants were 

compared under all conditions of alignment. Heever et al. [7] used FEM to compare their 

proposed patient-specific knee implant with two conventional implant designs in terms of contact 

stress for tibio-femoral as well as bone-implant interface contact analysis. Vertical loads at three 

different flexion angles were applied to several nodes in the femoral component and static 
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analysis of each of angles was performed. Two studies of Heever et al. [7] and Harryson et al. 

[38] got to the same result in demonstrating that a patient-specific interface for the femoral 

component can develop a more uniform stress distribution at the condyle surface. 

An important limitation of these studies is that the femur is cemented to the bone which will lead 

to redistribution of contact stresses at this interface. Thus, the result of these studies should be 

considered as a way to compare different bone-implant interfaces only with regard to the contact 

interface without bone cement. Shi et al. [57] modeled all components as deformable bodies thus 

load could not be applied on a control node of the femoral component. 

 

Figure 15: Application of load on knee prosthesis [56] 

An extra rigid body was created which bonded with the femoral component. The gait cycle loads 

were applied on a line of this rigid body. This line went through the center of the sagittal 

articular axis of the femoral component. In this study, the maximum contact pressure and von 

Mises stress in the tibial bearing component with the linear UHMWPE model were much higher 

than those obtained with the non-linear UHMWPE material. This study also shows that mal-

alignment conditions have a significant influence on the fixed-bearing implants. Mobile-bearing 
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implants, on the other hand, could reduce the influence of coronal plane and rotational mal-

alignments on maximum contact pressures. It shows that mal-translation increased the maximum 

contact pressures in mobile-bearing implants at low flexion ranges and the maximum von Mises 

stress in the tibial tray of the mobile-bearing implant was much lower than that in the fixed-

bearing implant for all conditions, both aligned normally and mal-aligned. 

One critical issue in modeling of TKR is deciding on using rigid body models or the deformable 

ones. Rigid body approach is limited due to significant over prediction of contact pressure with 

low conformity contact situations. Internal insert stresses and strains are not calculated in any of 

the rigid body analysis, nor is there currently any plasticity or creep. Thus, the rigid body 

approach would predict the same kinematics and contact pressures over multiple cycles, while a 

deformable analysis would develop residual stresses, with potential for permanently deforming 

the articular geometry and subsequent reduced contact pressures and modification of predicted 

kinematics. With more severe loading conditions and significant induced permanent 

deformation, though, these issues can become important [30]. With regard to the issue of 

deformable and rigid body models we could refer to the work of Sean O’Brien (2011). 

Concentrating on backside wear of polyethylene tibial insert, O’Brien has developed a finite 

element model for the prediction of contact pressures and sliding displacements [58]. In his 

work, three different deformable constitutive models (linear elastic model, viscoelastic model 

and a nonlinear J2-plasticity model based on the true stress-strain behaviour of polyethylene) 

were considered for both the articular and backside surfaces. Three additional rigid body models 

were considered for the articular surface alone. Displacement controlled loading and boundary 

conditions of knee simulator were applied according to ISO 14243-3. The rigid body models 

resulted in maximum contact pressure errors similar to those measured by Halloran et al. [30]. 
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The rigid body models predicted contact areas of more than 2-times greater than those of the 

deformable plasticity model on average. 

In 2011, Hofer et al. [59] measured the tibio-femoral contact area and contact pressure under 

different kneeling angles. Recently, in 2014, Wang et al. [60] compared the stress distribution on 

knee cartilage during kneeling and standing using finite element method. They concluded that 

with the same magnitude of compressive loads, kneeling can result in greater stress on the 

cartilage and produce quite a different stress distribution when compared to normal standing. 

2.4.6 Meshing of implant components 

Willing et al. [61] meshed the UHMWPE component with ~4500 8-noded linear hexahedral 

volume elements, created by first meshing the contact surface with ~900 quad elements and then 

sweeping that mesh through the solid. The resulting mesh had 5 layers of elements with an 

average length of 2 mm. In this model the femoral component is several orders of magnitude 

stiffer than UHMWPE and could be considered as rigid body. The contact surface of it was 

meshed with ~2500 second-order tria-shaped elements. Convergence study in this work shows 

that a mesh with element edge lengths averaging around 2 mm used for both components is 

adequate for calculating wear. 

 

Figure 16: Meshing of femoral and tibial component in the study of Willing et al. [60] 
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O’Brien [58] adopted mixed hexahedron-tetrahedron meshes dominated by hexahedron in the FE 

model. According to this study, the hexahedron elements were implemented for their 

comparative higher convergence rate and tetrahedral elements for their flexibility in dealing with 

complex geometries. In Harryson et al. [38] study, the 3D model was first converted into stl-

format that could be converted into a 3D CAD format by another software package. Then 

ABAQUS was used to perform the FEA and the tetrahedral mesh was based on the triangular 

surface mesh generated by Mimics. Heever et al. [7]  used ten-node tetrahedral elements for all 

components. They showed that decreasing the edge length of the bearings by more than 13% 

resulted in a less than 2.5% difference in the calculated contact stresses, and therefore the 

element sizes were deemed adequate and further mesh refinement was not necessary. 

2.5 Contact theories in stress analysis of TKA 

As mentioned in the introduction, contacts are an important aspect in analyzing biomechanical 

problems. Finite element modeling would become further complicated if contact between two 

parts is included to the model. Different approaches must be used for nodes that are not shared 

between the two parts to transfer contact forces between the two. Among such problems, sliding 

contact between articular cartilages is probably the most extensively studied topic [62]. Two 

different basic theories can be used to obtain the desired solution to body contact problems: The 

penalty function method, and the Lagrange multipliers method. The main difference between 

them is the way that the potential energy of contacting surfaces is included in the formulation. 

The penalty function method, due to its cost and time efficiency, has received a wider 

acceptance. This method is very useful when solving frictional contact problems, while the 

Lagrange method, based on multipliers, is known for its accuracy. In problems with high 
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nonlinear characteristic of the frictional contact, extra attention is necessary to be paid to contact 

algorithms and their input parameters. In these kinds of problems, pure penalty method is 

recommended to be used because such approach can fade out the influence of contact parameters 

on most of the output parameters [63]. The penalty method introduces a force at the contact 

detection point(s) that has penetrated across the target surface with the express purpose of 

eliminating the penetration. Penalty means that any violation of the contact condition will be 

punished by increasing the total virtual work. A surface to surface contact with finite sliding 

should be defined between articular surfaces of the femoral and tibial components [58]. The 

penalty method is a stiff approximation of hard contact that could significantly improve 

convergence rates due to numerical softening. In addition, when penalty algorithm is used, no 

Lagrange multiplier degrees of freedom are added, as well as the fact that over constraint issues 

could be avoided.  

 

Figure 17: Surface to surface contact compared to node to surface contact [63] 

The femoral articular surface can be defined as the master surface, while the tibial insert articular 

surface can be defined as the slave surface indicating that the femoral articular surface is allowed 

to penetrate the tibial articular surface. This kind of contact formulation approximately resembles 

a deformable contact in the normal direction. More nodes are involved per constraint in surface 

to surface contact than node to surface condition [64]. 



 

31 

 

 

Figure 18: Reduced snagging of surfaces [63] 

When surface-to-surface contact discretization is used, contact is enforced in a weighted sense 

between the slave node and a larger number of master surface facets surrounding it. The 

advantages of surface-to-surface discretization are: 

 Increased contact stress accuracy 

 Reduced snagging of surfaces: Treating the slave surface as a collection of points can 

trigger snagging as slave nodes transverses a corner; while, computing average 

penetrations and slips over finite regions in case of surface-to-surface contact has a 

smoothing effect that avoids snagging 

2.6 Convergence in contact problems 

Due to high non-linearity in contact problems, models like knee implants with contact areas, 

require significant computer resources to solve. Shi et al. [57], used the following steps to 

overcome the convergence problem: 

1. Control load steps: In this study the maximum number of sub-steps was set to 1000 and 

automatic time stepping was also switched on. This ensured that all of the nodes and 
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behaviours of interest would be accurately included. ANSYS increases the time step size 

automatically. 

2. Using weak spring element: In this study weak spring element has been used to provide 

initial stability. A number of spring elements were used to fix the body in space. By this 

technique, the system during intermediate load steps would be restrained in order to 

prevent unrealistically large displacements from being calculated. By connecting the 

springs to nodes in space, the reactions at these nodes were negligible compared to the 

contact reaction force. 

3. Element size: In this study the element size of all the models was 2 mm. Mesh sensitivity 

was also studied and further mesh refinement changed the predicted peak contact 

pressure by less than 5%. 

In dynamic simulations, sudden changes of contact forces cause strange phenomena: If the force 

is pointing toward a discontinuous border, the nodal point is pushed by the alternating contact 

force and oscillation occurs. This is often cited as the “contact chatter” problem. If the force is 

pointing away from the border, the border works as a “slingshot” and the nodal point would be 

launched by the suddenly flipped contact force when it crosses the border [65]. 

2.7 Summary of previous models’ specifications 

In this project previous works on contact stress analysis in Total Knee Arthroplasty were 

reviewed. In the following table there is a summary of these previous studies. 

Finite element modeling is an important step in contact stress analysis. By changing different 

parameters a study could be improved. For instance it’s important to know which contact method 



 

33 

 

should be used for these kinds of problems or what kind of meshing element should be used for 

each component. 

Table 1: Previous work that are reviewed in this project 

Researchers Model Notes 

Ishikawa et al. Two-dimensional Static FE analysis 

Balasubramanian et al. Two-dimensional (sagittal plane) 
Realistic positions of TKR- Fluoroscopy 

(flexion: 0 to 85 degrees) 

Reeves et al. Two-dimensional (sagittal plane) 
Plastic strains in the UHMWPE due to 

repetitive loading 

Godest et al. Three-dimensional (generic) 
Simulate kinematics and the internal 

stresses in knee implants 

Miyoshi et al. Three-dimensional  (generic) 
Examine components with and without a 

posterior cut-out slot. 

Beillas et al. Three-dimensional (generic) One legged forward hopping test 

Harryson et al. 
Patient-specific three-dimensional 

model 

Comparison between the smooth surface 

at the interface and conventional five flat 

interface surfaces 

Chandran and Amirouche et 

al. 

Patient-specific three-dimensional 

model 
Optimization- Various design parameters 

Villa et al. Three-dimensional model Mobile bearing 

Godest et al. Three-dimensional model 
Used springs to simulate the action of the 

soft tissues 

Essner et al. Three-dimensional model The effect of tibial sagittal radius on wear 

Rawlinson et al. Three-dimensional model 
Three contemporary tibial configuration 

with non-linear material properties 

Taylor et al. Three-dimensional model 
The influence of eccentric loading on the 

stress 

Bei et al. Three-dimensional model Influence of thickness of tibia on wear 

 

In table 2, there are some of the specifications of finite element models in the previous work that 

have been reviewed in this project. By reviewing previous studies on contact stress analysis, 

several steps of the work could be discussed better. Some of the conclusions are: 
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i. By using computer modeling and analyzing contact stress, wear of UHMWPE could be 

decreased. 

ii. In contact stress analysis, more even stress distribution results in reduction of the risk of 

bone re-modeling & premature loosening. 

iii. Femoral part is 8 times stiffer than tibial part, thus it can be considered as rigid body. 

iv. For frictional contact problems like in TKR, penalty method is better than Lagrange 

method. 

v. Hexahedron elements are better to be used in meshing due to comparative higher 

convergence rate. 

Table 2: Meshing specification on previous studies 

Study Femoral part UHMWPE Notes 

Willing et al. 

Rigid body-Surface: 

second-order tria-

shaped elements 

8-noded linear 

hexahedral volume 

elements 

Element edge lengths 

averaging around 2 mm used 

for both components is 

adequate for calculating 

wear. 

 

O’Brien et al. Tetrahedral elements 

Mixed hexahedron-

tetrahedron meshes 

dominated by 

hexahedron 

Hexahedron elements: 

comparative higher 

convergence rate tetrahedral 

elements: flexibility in 

dealing with complex 

geometries. 

Harryson et al. Tetrahedral mesh Tetrahedral  mesh 

Tetrahedral mesh was based 

on the triangular surface 

mesh generated by Mimics. 

Heever et al. 
Ten-noded tetrahedral 

elements 

Ten-noded tetrahedral 

elements 

the element sizes were 

deemed adequate and further 

mesh refinement was not 

necessary 

 

Although there are so many aspects of these kinds of studies that could be improved by further 

evaluation. For instance some of the suggestions for future work are as follow: 

• Effect of different kinds of element on contact stress could be evaluated. 

• Effect of different constraints: considering soft tissue around the knee, muscle and 

ligament forces. 
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• Comparing the differences between the results of linear and non-linear analysis in TKR. 
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Chapter 3 

Methods 

3.1 CAD model of the knee implant 

Stress analysis of articulating surfaces requires the contact pressures and von Mises stresses of 

each surface especially tibial articulating surface. A new surface guided knee was built [66] 

based on preliminary conceptual design of a surface guided knee implant by Wyss et al. [12] 

with considering the patient-specific anatomy of the femur and tibia. The FE model with linear 

elastic model of tibia was developed for the prediction of contact pressures and von Mises 

stresses. Next, a viscoelastic model was considered for the tibial part in order to compare the 

results of contact pressures and von Mises stresses of these two models and evaluate the effect of 

the model that is used for tibial part on predicted contact pressures. Also, the models were 

evaluated in high flexion angles and high loading conditions of level walking, stair ascending 

and squatting. 
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Achieving an adequate and close to normal range of motion, and overall more normal 

performance of the knee joint is the final goal of all knee replacement designs and surgeries. The 

design requirements for a conceptual design of surface guided knee by Amiri et al. is 

investigated considering patient-specific anatomy of the femur and tibia. The main goal of this 

research is to identify the design features that need to be optimized as they relate to the 

functionality of the implant by creating a CAD model of the implant. The 3D model of the knee 

geometry was created by segmentation of MRI data from the Osteoarthritis Initiative (OAI) data 

set. The MRI scans had a resolution of 384×384 pixels, with a pixel size of 0.7 mm. 

 

Figure 19: Axes of femur and tibia and intersection planes [66] 

The segmentation of the MRI data was accomplished using the thresholding function and 

LiveWire tool in Mimics (Materalise, Leuven, Belgium). The 3D models were exported into 

3matic v.8.0 (Materialise, Leuven, Belgium) to define the required functional parameters for the 

design step. The functional axes of femur and tibia, as well as intersection planes were defined 

through visible and easily defined landmarks on the femur and tibia, and also based on the data 
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of previous research on knee alignment and functional axes [67] [68] [69] (Figure 19).The 

complexity of knee joint geometry which consists of continuous varying radii along the surface 

of each condyle has led to the development of customized knee designs. This study proposed a 

methodology to use guiding features that are incorporated into the shapes of the condyles and 

create the implant via extracting the geometrical and functional parameters from patient’s MRI 

data of the bone and cartilage. 

3.2 Finite element modeling 

A FE model was required for the prediction of the contact pressures and von Mises stresses of 

each surface. Two different deformable constitutive models were considered for tibial 

component. The ability of the model to accurately predict contact pressure is compared with 

contact pressure results from previous studies that have used same loading and boundary 

conditions. The model was then utilized to investigate the effects of different constitutive models 

for tibial part. Prior to calculating stress/strain distributions, a set of preprocessing operations 

including generation of finite element mesh, assignment of material properties, application of 

loading and boundary conditions have to be executed. 

3.2.1 Finite element model of the new surface guided knee 

A new design of surface guided knee [12] which femur and tibial parts are built based on patient-

specific anatomy was used. In this project, the MRI data of two patients have been used to build 

the CAD models of the new surface guided knee implant. Therefore, models include two main 

components: the femoral component and the fixed tibial insert. The tibial bearing components 
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are 11 mm thick (average) based on data on literature review study as an appropriate thickness. 

As Simpson et al. (2008) report a bearing thickness of above 8.5 mm is ‘safe’ [70]. 

 

Figure 20: Imported CAD model in ANSYS including femoral and tibial components  [66] 

A finite element model was developed using ANSYS/Academic research v.14 (ANSYS Inc., 

Houston, PA, USA). The PE insert was modeled as a deformable body with a density of 0.936 

𝑔/𝑐𝑚3  [58] [70] [71]. The femoral component was modeled as a rigid body to reduce 

computational time, since the CoCr alloy has moduli of elasticity far greater than that of the PE 

insert. If the femur was modeled as deformable body, the von Mises stress and contact pressure 

on the tibial articulating surface would be slightly lower than those of the model with rigid 

femur. There are two basic theories that, although different in their approaches, offer the desired 

solutions to body contact problems: The penalty function method and the Lagrange multipliers 

method. 
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The main difference between them is the way they include the potential energy of contacting 

surfaces in their formulation. The penalty function method, due to its efficiency, has received a 

wider acceptance. The method is very useful when solving frictional contact problems, while the 

Lagrange method, based on multipliers, is known for its accuracy. 

Table 3: Material properties of femoral and tibial components 

Component Material 

Young’s 

modulus (MPa) 

Poisson 

ratio 

Density (𝑘𝑔/𝑚3) Modeling 

Femoral part CoCr alloy 193,000 0.29 8500 Rigid 

Tibial part UHMWPE 680 0.46 936 Deformable 

Given the high nonlinear characteristic of the frictional contact an extra attention is necessary to 

be paid to contact algorithms and their input parameters. In such case pure penalty method is 

recommended to be used because such approach can fade out the influence of contact parameters 

on most of the output parameters [72]. The contact interaction between the components was 

modeled as penalty contact. The CoCr- PE interface included a coefficient of friction of 0.04, a 

value in agreement with experimental tests [73] [35] [30]. The penalty method introduces a force 

at the contact detection point(s) that has penetrated across the target surface with the express 

purpose of eliminating the penetration. Penalty means that any violation of the contact condition 

will be punished by increasing the total virtual work. A surface to surface contact with finite 

sliding is defined between articular surfaces of the femoral and tibial components.  

Hex-dominant method is used for tibial component. The hexahedral elements were used due to 

their higher convergence rate. Articular surface of the femoral component is meshed with linear 
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quadrilateral elements. Also, it’s important to note that, the surface to surface contact which is 

used for this project has no issue with quadrilateral element types. The element size of the tibia 

component is 0.74 mm. Mesh size is a critical factor that can affect the accuracy of finite element 

analysis. The more refined mesh will result in having more accurate stress distributions.  

Table 4: Mesh sensitivity analysis considering peak contact pressure 

Element size (mm) Peak contact pressure (MPa) 

Contact pressure distribution on 

Tibia 

1.32 11.63 

 

0.74 11.31 

 

0.43 11.089 

 

 

However, there should be a balance between the computational cost and the accuracy 

requirement. A proper mesh size should be determined based on convergence tests. In order to 
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reduce the size of the initial element mesh, global or partial (adaptive) mesh refinement can be 

done at run time. The mesh refinement is used for the top surface of the tibial part. Mesh 

sensitivity was studied and the mesh refinement changed the predicted peak contact stress by less 

than 2.7%. Mesh densities were determined by a mesh sensitivity study (Table 4 and 5) based on 

a prescribed accuracy requirement of less than 5% variance in peak contact pressure without 

oscillation between meshes as the mesh density was increased. 

Table 5: Mesh sensitivity analysis parameters for the finite element model 

Mesh density Approximate element size (mm) Total number of elements 

Low 1.32 62104 

Medium 0.74 91854 

High 0.43 134238 

For the purpose of this study, contact stress analysis, fixed support has been assigned on the 

bottom surface of the tibia component. Thus, it is constrained in all directions at the distal end. 

For loading, it is not accurate approach to use the net joint forces for designing artificial joints 

because net forces do not account for the torque or moment generated at a joint. Only bone on 

bone contact forces can be used to determine the strength of an implant although it should also 

be mentioned that even contact bone does not include concentration of muscles [18]. In this 

study, axial load is applied on the upper surface of the femoral part, mimicking the bone-implant 

condition. Body weight of 80 kg is used which is in agreement with the previous studies. The 

loading conditions were applied according to ISO 14243-3:2009. The flexion of the knee was 

recreated by the rotation of the femoral component, by means of a boundary condition, about a 

reference axis placed at the ISO specified flexion/extension axis location. The FE model must 



 

43 

 

replicate the material behaviour to accurately evaluate the contact pressures and von Mises 

stresses, caused by the loading and relative displacement of the femoral component against the 

PE insert, are transferred through the PE insert to the tibial tray, and produce the deformation of 

the tibial component. Two different deformable constitutive models were implemented, the 

linear elastic and viscoelastic model based on the true stress-strain behaviour of PE. 

3.2.2 Constitutive models of polyethylene  

First, the linear elastic model was considered for its simplicity, computational efficiency and due 

to its wide application for the modeling of PE in the literature [74]. The linear elastic constitutive 

model included a modulus of elasticity of 680 MPa, and a Poisson’s ratio of 0.46 [75]. Next, a 

viscoelastic material model was developed based on the stress relaxation behaviour modeling of 

Waldman and Bryant [76] . Waldman and Bryant described the stress relaxation behaviour of PE 

by this equation:  

𝜎(𝑡) = [(−449.6 ∙ 1𝐸6) + (673.1 ∙ 1𝐸6 ∙ (
𝑡 + 0.05062

100
)

−0.05661

)] ∙ (𝜀0) + 

2 ∙ [(30.97 ∙ 1𝐸6) + (−31.84 ∙ 1𝐸6 ∙ ((
𝑡 + 0.05062

100
)

−0.00937

)] ∙ 𝜀0
2 + 

3 ∙ [(215.3 ∙ 1𝐸6) + (−213.4 ∙ 1𝐸6 ∙ (
𝑡 + 0.05062

100
)

−0.00505

)] ∙ 𝜀0
3 

(1) 

σ(t) is representing the time dependant stress and time is represented by t, and strain is 

represented by ε0. Therefore, the ANSYS formulated time domain viscoelastic parameters 
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include a density of 0.935 𝑔/𝑐𝑚3, modulus of elasticity of 680 MPa, Poisson’s ratio of 0.46 and 

the normalized shear relaxation modulus (table 6) calculated from the data of Waldman and 

Bryant [76].  

Table 6: Shear Relaxation Modulus (gR) over time 

Time gR 

5 0.516629 

10 0.619048 

15 0.681834 

20 0.727597 

25 0.763759 

30 0.79372 

35 0.819335 

40 0.841726 

45 0.861629 

50 0.879549 

55 0.895854 

60 0.910814 

65 0.924638 

70 0.937489 

75 0.949497 

80 0.960767 

85 0.971385 

90 0.981425 

95 0.990946 
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For an accurate prediction of contact pressures and von Mises stresses, the implementation of a 

proper constitutive model is of vital importance. Two deformable constitutive models were 

considered for tibial component: a linear elastic model and a viscoelastic model. 

3.3 FE analysis of failure of PE 

As it was mentioned before, wear of UHMWPE in total knee replacements remains a major 

limitation to the longevity of these devices. Many factors leading to failure of the bearing surface 

of total knee prostheses have been reported including the material properties of polyethylene, the 

balance of the soft tissues, tibial insert thickness and patient body mass via its effect on joint 

loads; other factors include the patient’s daily activity and the stress distribution on the contact 

surface [77]. 

The dominant UHWPE wear mode in total knee implant is delamination. The combined stresses 

associated with these damage modes are the range of the maximum principal stress acting 

tangent to the surface and the maximum shear stress that reaches its largest value approximately 

1 mm beneath the articulating surface. The range of the maximum principal stress and the 

maximum shear stress increase when the contact stress on UHMWPE surface is increased. Thus, 

knowing the contact pressures and contact areas in total knee replacements are considered a 

reliable tool to predict the potential wear of UHMWPE [8] [9]. It’s been demonstrated that more 

severe damage in total knee tibial components was associated with the higher contact stress on 

tibial bearing component. Thus, evaluating the contact areas and pressures in total knee 

replacement is a key factor to prevent early failure [78]. 
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The human knee joint is a complex system of articulating bony structures that undergo large 

loads and large relative displacements during various activities of daily living such as walking, 

stair ascending and squatting. First, finite element method was used to estimate the stress 

distribution in the implant during specific flexion angles with higher loading values during gait 

cycle to make sure if the model can resist the high contact stress values in these flexion angles. 

Then, the model was used to estimate the stress distribution in the implant during the whole gait 

cycle (every five degrees of flexion). As stair climbing is associated with higher knee flexion 

moments than level walking, the model was used to simulate the condition of stair ascending 

with higher flexion angle and higher amounts of loading.  

3.4. Solution techniques 

3.4.1 Importing design file to ANSYS 

The design’s output file format is STL (STereoLithgraphy) which describes the surface geometry 

of a three-dimensional object without any representation of color, texture or other common CAD 

model attributes. An STL file describes a raw unstructured triangulated surface by the unit 

normal and vertices of the triangles using a three-dimensional Cartesian coordinate system. Thus, 

STL files are not suitable for ANSYS environment and definitely not good for meshing because 

then the element size should be smaller than the smallest triangle on the surface and the 

computation cost and time would increase dramatically due to it. 

For this purpose, Geomagic Studio (3D Digital 2002; Geomagic, Research Triangle Park, NC, 

USA) was used to convert STL files to CAD files which are suitable to be used in ANSYS. In 

Geomagic Studio, exact surfacing option was used to reproduce the surface precisely based on 
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the underlying data with emphasis on curved regions. Surfacing option uses the “Detect 

contours” method for creating the patches. An advantage of this technique is that the resulting 

CAD object has distinct faces for the curved region, thus allows curved regions to be further 

engineered in the external system if necessary. Producing a proper surface during “Exact 

surfacing” phase requires creating an object with a good patch structure with regularly shaped 

patches for (i.e. rectangular shaped without severe or multiple-curvature changes) that fill spaces 

efficiently.  

3.4.2 Application of load 

As the femoral part has been modeled as rigid body, load can either be applied as pressure or as a 

force on remote point. As the values for loading are mostly forces rather than pressure, it’s more 

convenient to apply the load as force on remote point. This remote point was created which 

bonded with the femoral component. The loading was applied on this point, in the direction of a 

line that goes through the center of the sagittal articular axis of the femoral component. The 

maximum forces during level walking occur during the push-off phase (at about 45%), where the 

knee is almost fully extended. There is also a peak during stair climbing that has almost the same 

magnitude as the one during the push-off phase of level walking. The peak is just after initial 

foot contact (about 50%). The flexion angle after the initial foot contact has a mean of 55° for 

stair climbing. This high load which happens at a large flexion angle during stair climbing is 

important and must be considered in designing artificial knee joints. The data that have been 

used in this project make clear that the bone-on-bone forces at the knee joints are up to five times 

of body weight during parts of level walking and stair climbing. To evaluate the implant model 

in high loading conditions the data of level walking and stair ascending in Wyss et al. study have 

been used [79]. These data are shown in table 7. 
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Some TKA patients have difficulty with activities such as entering a car, descending stairs, 

bending to the floor and getting on a toilet or chair. These activities require that an individual 

flex the knee and the hip in a controlled descent while the foot is in contact with the ground. 

Table 7: Loading data for higher loading and flexion angle in level walking, stair ascending and squatting 

Activity Percentage of cycle (%) Flexion angle (°) Pivot angle (°) Axial load (N) 

Level walking 3 1.53 0.22 1887.3 

Level walking 13 15.31 2.30 2600.0 

Level walking 45 8.13 1.30 2433.5 

Stair ascending 50 60 7.44 2232.0 

Squatting - 90 10.00 1619 

Squatting - 120 12.48 1912 

Squatting - 136 13.45 2489 

 

Thus, a partial squat must be performed in order to complete the activity [80]. Also, several TKA 

patients indicate that squatting was also part of physiotherapy after TKA surgery. Therefore, 

squatting can be important task to evaluate after knee replacement surgery. In this project, the 

model has been evaluated in few squatting conditions with high flexion angle and high loading in 

squatting [81]. This data can be seen in table 7. 

3.4.3 Defining the contact 

Special elements are used at the contact interface, which form a contact pair. One surface of the 

contact pair is capable of recognizing when it is being penetrated by the other contact surface. 

Penetration of one surface (the target surface) through the other (the contact surface) will apply a 
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penalty to the total system energy and the system generates contact forces to push the contact 

surface away from the target surface. Thus, it will result in deformation of the contact surface 

and the development of internal stresses. This procedure repeats till the penalty has been reduced 

to an acceptable level which in ANSYS it can be defined as “Penetration tolerance”. An 

important thing to note is that the option of “Trim contact” should be off, because trim contact 

automatically reduces the number of contact elements generated within each pair, and even 

“Program controlled” option will typically turn “Trim contact” on. Thus, to get the real contact 

area this option should be turned off. 

When defining a contact between two bodies or two surfaces such as “Bonded”, “No separation”, 

“Frictional”, or “Frictionless”, the distance between the contact surface, line or point and target 

line or surface can be specified. The options are: “Program controlled”, “Automatic detection 

value” and “Pinball region”. The “Pinball region” option specifies the distance which is viewable 

as a little blue ball on the articulating surfaces. 

In ANSYS, for surface to surface contact elements, it’s better to use Gauss integration points 

which generally provide more accurate results than the Newton-Cotes/Lobatto nodal integration 

scheme, which use the nodes themselves as the integration points. 

To alleviate situations where a clearance or gap is modeled but needs to be ignored to establish 

initial contact for frictional or frictionless behavior, the interface treatment can internally offset 

the contact surfaces by a specified amount. It should be noted that the offset feature will have the 

effect of a change in geometry at the contact surface since a “rigid” region will exist between the 

actual mesh and the offset contact surface. Also, it is intended for applications where this 

adjustment is small enough to have a negligible effect on overall results. However, it’s been 
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proved that offset feature is a useful tool to establish initial contact in static analysis without 

having to modify the CAD geometry. For the purpose of this project, the option of “Add offset, 

No ramping” has been selected because it will apply the interference all at once in the first 

substep. 

3.4.4 Solution convergence 

A load-step is a set of constraints/loads that are being solved for, while the sub-steps are how the 

solver would transit from one loading environment to the next. By default the number of steps in 

an environment is 1 and the solver has control over how the loads are ramped. As soon as the 

number of steps is increased, the change would be reflected in the “Tabular data” window for 

any applied load or constraint. The “Initial substep” value is the initial ramping value used to 

start off the current load step. If it was possible for the solver to converge easily, it can increase 

the load increment until it hits the “Minimum substep” value but if it was difficult for solver to 

solve, or did not solve at all, the solver can reduce the increment and try again. In this project, 

the value of “Maximum substeps” has been assigned as 100, and the value of “Initial substep” 

and “Minimum substep” has been assigned as 3. Thus, if the solver couldn’t get to the solution in 

3 substeps it would increase the substeps until it converges. For the purpose of this project, load 

is applied in one step, but it would be also useful to apply the load in two load-steps in which the 

first step is a small amount of load like 100 N. By applying this load, we are making sure that 

there is a real contact between the femoral and tibial components. 

There are two options for solver type: “Direct” and “Iterative”. The choice of the direct versus 

the iterative solution method depends on the type of elements in the model, the shape of the 

model, the computer resources and the type of analysis. It should be determined whether the 
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main goal of the project is to run a job as fast as possible or to be able to run a job at all given 

particular computer resources. The disk space requirements of the iterative solver are much less 

than the disk space requirements of the direct solver due to the fact that there is no need to create 

and store big factor matrices. Thus, this fact may enable the user to run the job with the iterative 

solver when the direct solver’s factor matrix could exceed the disk capacity of the machine. With 

regard to memory, the requirements of the iterative solver are usually higher than those of the 

direct solver for optimal performance. In this project, iterative method has been selected as 

solver type because due to the high number of elements in the implant model there would be a 

lack of disk space if direct method was used [82]. 

As in this model no muscle has been modeled, the structure might not have enough support so it 

might become unstable during the solving process. By turn the “Weak spring” option on, 

ANSYS workbench detects an unstable condition and it adds weak springs on the model to make 

it capable of withstanding small external forces. 
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Chapter 4 

Results and discussion 

 

In this chapter, the results of the finite element modeling, as described in previous chapter will be 

presented. To evaluate the finite element model, a set of parameters, including contact area, 

maximum contact pressure and maximum von Mises stress, were derived and compared with 

those of previous studies. 

4.1 Contact pressure results in the model with a linear elastic tibia 

Contact pressure in flexion angles with high loading condition 

The model that has been used for analysis consists of the tibia with linear elastic material 

properties. To evaluate the model it is important to see if it can tolerate high loading conditions 
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especially in level walking. Zero degree of flexion, which is when heel strike happens, and 15 

degrees of flexion at toe-off, have been selected for this evaluation.  

Also, one of the high loading conditions happens in stair ascending with 60 degrees of flexion, 

which happens at 50% of the stair climbing cycle with an axial load of 2232 N [81]. 

 

Table 8: Loading condition at full extension and 15 degrees of flexion in level walking [83] 

Percentage of cycle time (%) Flexion/extension angle (º) Axial force (N) 

3 0 1887.3 

13 15.31 2600 

Thus, for further evaluation of the model, this condition (stair ascending) has also been 

evaluated. The loading conditions in these two flexion angles have been shown in table 8. 
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Figure 21: Contact pressure distribution in zero degree of flexion during ISO simulated gait cycle (in the model with 

linear elastic tibia) 

 

Figure 22: Contact pressure distribution in 15 degrees of flexion during ISO simulated gait cycle (in the model with linear 

elastic tibia) 
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Figure 23: Contact pressure distribution in 60 degrees of flexion in stair ascending (in the model with linear elastic tibia) 

The contact pressure distributions were obtained after solving the finite element models. As we 

can see in figure 21, figure 22 and figure 23 peak contact pressure happens on the lateral side. On 

the lateral side the contact area is much smaller compared to the medial side and subsequently 

the contact pressure is higher on the lateral side compared to the medial side. The maximum 

contact pressure on the superior surface of the tibial component of the implant varies according 

to the flexion angle and loading condition. The relatively small contact pressures at the early 

stage of gait on the superior surface of the tibial component are due to the large contact area at 

that stage, as can be seen in figure 21. The contact area in zero degree of flexion is 

approximately twice the contact area in 15 degrees of flexion that exists during toe-off. The peak 

contact pressure in 15 degrees of flexion during level walking is about 29 MPa and the peak 

contact pressure in 60 degrees of flexion during stair ascending is 48 MPa. Although the load is 

higher in level walking, but the peak contact pressure is higher in 60 degrees of flexion during 

stair ascending due to the higher flexion angles. A slightly larger contact area exists on the 
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medial side in 15 degrees of flexion (gait cycle) compared to 60 degrees of flexion (stair 

ascending). Normally, in higher degrees of flexion the contact area would decrease and 

subsequently the peak contact pressure would increase. As the flexion angle is increasing the 

contact area on the lateral side is getting closer to the posterior part of the implant.  

4.2 Von Mises stress results in the model with linear elastic tibia 

Von Mises stress results in flexion angles with high loading condition 

The von Mises stress distributions for the specific flexion angles (zero degree of flexion and 15 

degrees of flexion in level walking- 60 degrees of flexion in stair ascending) during the gait cycle 

and stair ascending were obtained after solving the finite element model.  

 

Figure 24: Von Mises distribution in zero degree of flexion during ISO simulated gait cycle (in the model with linear 

elastic tibia) 
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Figure 25: Von Mises stress distribution in 15 degrees of flexion during ISO simulated gait cycle (in the model with linear 

elastic tibia) 

 

Figure 26: Von Mises stress distribution in 60 degrees of flexion in stair ascending (in the model with linear elastic tibia) 
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Figure 24, 25 and 26 show the von Mises stress distribution on the articulating surface of tibia. 

Similar to the contact pressure results, the peak von Mises stress occurs on the lateral side of the 

tibia. The maximum von Mises stress in zero degree flexion during level walking is about 5 MPa 

which is low compared to the maximum von Mises stress in other flexion angles during level 

walking. As the peak stress is lower, the contact area is bigger in zero degree flexion compared 

to the other flexion angles. As the flexion degree increases the contact area decreases and it 

moves toward the posterior side of the tibia. As it can be seen from these figures, the stress 

gradient is not high which shows that the articulating surface is smooth enough and the stress has 

distributed evenly on the surface. The peak von Mises stresses in zero flexion degree, 15 degrees 

of flexion and 60 degrees of flexion are 5.2 MPa, 14.8 MPa and 12.3 MPa respectively. All these 

peak stresses are less than the fatigue failure limit of UHMWPE which is 32 MPa. 

By defining a section plane that passes through the peak von Mises stress location on the 

superior surface of the tibia, the von Mises stress distribution under the superior surface can be 

found. 

 

Figure 27: Von Mises stress distribution results in 15 degrees of flexion during ISO simulated gait cycle (in the model with 

linear elastic tibia) 
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As it was mentioned before, the dominant UHMWPE wear mode is delamination so it’s 

important to know where the maximum stress is happening below the superior surface of the 

tibia. According to the literature review [12], the peak shear stress reaches its highest value about 

1 mm beneath the articulating surface as it can be seen in figure 27.  

4.3 Contact pressure results in the model with viscoelastic tibia 

Contact pressure in flexion angles with high loading condition 

In the previous section the linear elastic model was investigated due to its simplicity, 

computational efficiency and use in the literature [35, 74]. Based on the literature review, the 

linear elastic model has been proven to be an oversimplification of the material and due to that it 

has been shown to demonstrate accurate material response only for small strain values [84].  

The linear elastic model’s accuracy is still limited to low strain values, and the strain values in 

PE tibial inserts under ISO loading have been shown to reach levels higher than the yield strain 

value of the material. Contrary, the viscoelastic model results have improved accuracy especially 

for bigger strain values. The linear viscoelasticity model enables the prediction of time-

dependence and viscoelastic flow. Although we are not specifically considering the time domain 

in this study, future studies will extend this work to include rate effects on the contact pressures. 
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Figure 28: Contact pressure distribution in zero degree of flexion during ISO simulated gait cycle (in the model with 

viscoelastic tibia) 

 

Figure 29: Contact pressure distribution in 15 degrees of flexion during ISO simulated gait cycle (in the model with 

viscoelastic elastic tibia) 
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Figure 30: Contact pressure stress distribution in 60 degrees of flexion in stair ascending (in the model with viscoelastic 

tibia) 

The linear viscoelasticity model enables the prediction of time-dependence and viscoelastic flow. 

As it can be seen in figure 28, 29 and 30, the peak contact pressure has decreased compared to 

the model with the linear elastic tibia. For instance, the peak contact pressure in linear elastic 

model was 9.4 MPa, but in the viscoelastic model it’s about 8 MPa. The contact area has not 

changed in these results compared to the previous model with elastic tibia. The location of the 

peak contact pressure is almost the same as well, as was expected. 
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4.4 Von Mises stress results in the model with viscoelastic tibia 

Von Mises stress results in flexion angles with high loading condition 

The von Mises stress distributions for the specific flexion angles (zero degree of flexion and 15 

degrees of flexion in level walking- 60 degrees of flexion in stair ascending) during the gait cycle 

and stair ascending were obtained after solving the finite element models with viscoelastic tibia.  

 

Figure 31: Von Mises distribution in zero degree of flexion during ISO simulated gait cycle (in the model with viscoelastic 

tibia) 



 

63 

 

 

Figure 32: Von Mises stress distribution in 15 degrees of flexion during ISO simulated gait cycle (in the model with 

viscoelastic tibia) 

 

Figure 33: Von Mises stress distribution in 60 degrees of flexion in stair ascending (in the model with viscoelastic tibia) 

As can be seen in figure 31, 32 and 33, the von Mises stress distributions are almost similar to 

von Mises stress distributions in finite element model with linear elastic tibia. The stress gradient 
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is lower in viscoelastic model compared to the linear elastic model thus it shows a more even 

stress distribution. The peak von Mises stress in viscoelastic model is lower compared to linear 

elastic model, for example the peak von Mises stress in zero degree flexion is about 5.2 MPa and 

in viscoelastic model it’s 4 MPa. Almost the same trend is happening in all flexion angles of the 

gait cycle. The contact pressure and the location of the peak von Mises stress have not changed 

by using different deformable constitutive material model.  

4.5 Contact pressure and von Mises stress results during squatting 

As it was mentioned in the previous chapter, squatting is one of the body movements that results 

in higher stress on knee implant due to the higher degrees of flexion and higher amount of 

loading.  

 

Figure 34: Contact pressure distribution at 90 degrees of flexion in squatting (in the model with linear elastic tibia) 
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Figure 35: Contact pressure distribution at 120 degrees of flexion in squatting (in the model with linear elastic tibia) 

 

Figure 36: Von Mises stress distribution at 90 degrees of flexion in squatting (in the model with linear elastic tibia) 
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Figure 37: Von Mises stress distribution at 120 degrees of flexion in squatting (in the model with linear elastic tibia) 

As the flexion angle is increasing, the contact area will decrease, so the peak contact pressure or 

von Mises stress would be higher compared to movements with lower flexion angle. Here, few 

squatting movements with high flexion angle and high loading amount have been modeled (90 

degrees of flexion and 120 degrees of flexion). As it can be seen in figure 34 and 35, the contact 

pressure has increased significantly in squatting compared to contact pressure in level walking 

due to higher flexion angle and higher amount of loading. The location of the peak contact 

pressure has moved to the posterior side of the articulating area, and as the flexion is increasing 

the location of the peak is getting closer to the lateral side of the tibia. As can be seen in figure 

36 and 37, the same trend is happening in the von Mises stress distribution. 

The peak contact pressure and von Mises stress during these two flexion angles can be seen in 

table 9. The peak contact pressure and von Mises stress in 120 degrees of flexion is almost twice 
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the peak contact pressure and von Mises stress in 90 degrees of flexion which shows that flexion 

angle is an important factor in affecting the contact pressure and von Mises stress distribution. 

Table 9: The peak contact pressure and von Mises stress in 90 degrees and 120 degrees of flexion in squatting 

Flexion angle 
90 degrees of flexion 

(Squatting) 

120 degrees of flexion 

(Squatting) 

Peak von Mises stress 

(MPa) 
16.28 29.55 

Peak contact pressure 

(MPa) 
41.15 51.11 

 

The peak von Mises stresses in 90 degrees of flexion and 120 degrees of flexion are 16.2 MPa 

and 29.5 MPa respectively. Both these peak stresses are less than the higher fatigue failure limit 

of UHMWPE which is 32 MPa. 

4.6 Contact pressure and von Mises stress results during level 

walking 

In order to simulate the motions of the knee joint during level walking, two different approaches 

exist: force controlled and displacement controlled. ISO standards exist for both force controlled 

(ISO 14243-1) [83] and displacement controlled (ISO 14243-2) [85]. 

 In this project, the force controlled method has been used in order to simulate the level walking 

motion. The force controlled method specifies the AP translation force and IE rotational torque 

over the gait cycle. The gait cycle begins with the initial contact of the foot with the ground, and 

ends after the swing phase before the foot contacts the ground again. In figure 38 and 39, ISO 
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14243 standard flexion/extension angle and axial loading has been shown respectively during 

ISO gait cycle. 

 

Figure 38: ISO 14243 standard Flexion/extension angle as a function of percentage of cycle time during ISO gait cycle 

The finite element model with both constitutive material models (linear elastic and viscoelastic 

tibia) has been used to simulate the motion of the knee during the ISO gait cycle. The 

viscoelastic model has the same trend as in the previous section compared to the linear elastic 

model. The von Mises stress and contact pressure is generally lower in the model with the 

viscoelastic tibia compared to the model with the linear elastic tibia. 
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Figure 39: ISO 14243 standard axial loading as a function of percentage of cycle time during ISO gait cycle 

Specially, this difference is more noticeable in flexion angles with high amount of loading for 

example at 45% of the gait cycle, the viscoelastic model has 20% lower von Mises stress and 

contact pressure compared to the model with linear elastic tibia. In the swing phase (from 

approximately 60-95% of the gait cycle), the von Mises stress is low because of the low loading 

in this phase, which is about 167 N (approximately 6% of the peak load). During the swing 

phase, the flexion angle increases significantly and gets to almost 60 degrees of flexion resulting 

into smaller contact areas, but the loading is too small so that the resulting contact pressures and 

von Mises stresses are not high. 
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Figure 40: Von Mises stress as a function of percentage of cycle time during ISO gait cycle for both models (with linear 

elastic tibia and viscoelastic tibia) 

 

Figure 41: Contact pressure as a function of percentage of cycle time during ISO gait cycle for both models (with linear 

elastic tibia and viscoelastic tibia) 
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As it can be seen in figure 40 that the von Mises stress during the ISO gait cycle is lower than the 

fatigue failure upper limit of the UHMWPE (32 MPa). The two peaks in the von Mises stress 

curve happen at about 10% and 45% of the gait cycle, which are 15 degrees of flexion and 8 

degrees of flexion respectively (based on figure 38).   

4.7 Validation and comparison with previous studies 

For validation and also comparison with previous studies, the work of Heever et al. [7] has been 

considered. In this work, 4 different implant models have been studied, and the contact stress of 

these models has been evaluated. In Heever’s study, finite element models of each of the four 

implants (3 conventional knee implants and one custom knee implant) were developed. The 

femoral component was modeled as linear elastic and isotropic with material properties of CoCr 

alloy. The polyethylene bearing was modeled as a non-linear material. The loads were modified 

for the knee replacements by offsetting the load toward the medial condyle with a ratio of 60:40. 

The inferior surface of tibial bearing was constrained in all directions same as this study. The 

mean peak contact stresses on the polyethylene bearings at 15º, 45º and 60º of flexion have been 

investigated. The models were validated by the classical Hertz contact calculation, and good 

validation results were demonstrated (5% difference in the predicted maximum contact pressure). 

 In Heever work ten-noded tetrahedral element have been used for meshing which is different 

from this project but it wouldn’t affect comparing the results of these two works. 

 In figure 42, the contact stress of the new surface guided knee implant has been compared with 

these 4 models. The loading and boundary conditions for all these implants were the same as this 

study. 
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Figure 42: Mean peak contact stress comparison with the work of Heever et al. 

As it can be seen in figure 42, the mean peak contact stress of the new surface guided knee 

implant is at least 15% lower compared to the mean peak contact stress in the previous knee 

implant models. 
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Chapter 5 

Conclusions and future work 

 

In Total Knee Replacement the polyethylene stresses are dependent on the kinematics and on the 

design of the implant. The aim of this study was to examine whether the new surface guided 

knee implant can perform similarly or better than conventional knee implants under high loading 

conditions and high flexion angles. The contact pressure and von Mises stress distribution results 

of this study have been used to improve the design of the new surface-guided knee implant in 

order to decrease the stress concentration on articulating surface of tibia. 

The results of the maximum stress comparison with previous work show that the most uniform 

stress distribution happens when the design is patient-specific and also surface guided. This 

model has the potential of providing a good contact stress distribution with lower contact stresses 

and lower maximum von-Mises stresses on the tibia component, which can reduce the possibility 

of surface fatigue and wear. The mean peak contact pressure of this surface guided knee implant 
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is almost 10% lower than results of previous studies show in other implants. Another important 

aspect that has been evaluated in this study is the effect of different flexion angles on the stress 

distribution of the tibial component. As it has been mentioned in previous studies [17], the 

maximum contact stress on tibio-femoral articulation happens during stair ascending with 60 

degrees of flexion in knee implant. 

The outcome summary of this thesis is as follow: 

 Evaluating the contact pressures, contact area and von Mises stresses on the articulating 

surfaces of the new surface guided knee design during: Level walking, stair climbing and 

squatting  

 Comparison of the contact pressures and von Mises stresses on tibia’s surface for two 

different constitutive material models: Linear elastic and viscoelastic  

 Comparison of the stress analysis results of the new surface guided knee implant with 

previous knee implant designs (Advantage of the design).  

 Demonstration of the potential of the proposed design in providing good contact stress 

distribution with less contact stress and less maximum von Mises stress on tibia 

component. (Can lead to lower surface fatigue and wear) 

For future work, fatigue analysis can be done in order to evaluate the short and long term 

advantages of this new design. Cyclic stresses are required to be conducted to determine the 

wear, deformation and possible damages. Effect of different constraints can be evaluated: 

considering soft tissue around the knee, muscle and ligament forces. Also, linear and non-linear 

conditions in TKR stress analysis can be compared. The new design can be tested in a knee joint 

simulator under different loading conditions. These tests will be helpful to evaluate the kinematic 
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motions of the implant, and the wear performance can also be tested and compared with the 

results of this study. 
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