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Abstract	

 

A novel conceptual knee implant has been introduced recently, which can be 

described as an Externally Articulating Knee Prosthesis (EAKP). The EAKP has 

been designed to relieve the symptoms of osteoarthritis (OA) by reducing the load 

experienced in symptomatic OA knee joints, without sacrificing any knee 

components and through only a minor surgical procedure.  

 

Many factors contribute to knee implant failure: fatigue, wear, crack propagation, 

osteolysis, and loosening. This thesis focuses on one of the crucial possible failures 

of an EAKP, that of wear at the contacting surfaces in the articulating regions of the 

implant. The topic of wear, which is very important in almost all types of knee 

impant, is particularly important for the EAKP because it has been designed to 

attach to the knee within a small space which requires that the contacting surfaces 

of the EAKP are smaller than in conventional knee implants. 

 

Experimental procedures to investigate wear in knee implants, for example full-

knee simulators involving millions of cycles of loading, are time and cost 

consuming, with complex parameter set-up. Therefore, this study here will involve 

a computational analysis of the EAKP, validated through results from experiments. 

 

Initial wear predictions were carried out using wear simulations developed using 

the Abaqus Finite Element (FE) software, of simple Block-on-Ring (BOR) 

geometries and loading. The wear model incorporates the classical Archard’s law 
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to predict the wear volume and wear depth based on contact pressure and sliding 

distance predicted by the Abaqus computational model.  

 

BOR physical wear experiments were carried out to produce wear coefficients used 

as the input in the wear FE models, and again to validate the models.  

 

A semi-analytical model of the BOR tests was also used to verify the BOR FE 

model. This analytical method was developed from an elastic foundation model of 

the BOR geometry and response. 

 

In order to predict wear in the EAKP, a realistic knee model consisting of femur 

and tibia of a right knee (anatomically accurate, as obtained from a real knee) and 

all EAKP components was developed using SolidWorks. The complete virtual knee 

model and EAKP were then exported to Abaqus for wear analysis. The virtual knee 

model was prescribed with realistic kinematics (from X-ray fluoroscopy data) and 

loading of the knee joint based on ISO 14243-3.  

 

Initial BOR tests at loads of 225N were used to determine a wear coefficient of 

4.1E-10 mm3N-1mm-1 for a UHMWPE/metal configuration.  Further BOR tests and 

FE wear simulations at loads of 130N, based on this wear coefficient, predicted 

wear volumes which agreed to within approximately 5%. The semi-analytical 

model and FE simulation predictions were within 1-7.8% for wear depths, areas and 

volumes. 
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Using the results from the earlier experiments and simulations, the full knee model 

with EAKP was analysed. Wear volumes were predicted to be approximately 27.74 

mm3 (26.21 mg) in one million cycles with a maximum depth of penetration of 

1.08mm. Wear rates for more commonly used implants have been reported to be 

around 17mg per million cycles which is 35% less than for the EAKP. This increase 

was as expected, because of the small contacting surfaces of the EAKP, but the wear 

rates are reasonable and point to survival rates of three years or more.  

 

This thesis was concerned with validation of a computational model of the EAKP, 

and used simple combinations of materials. The use of an optimal combination of 

materials would be expected to result in better wear rates and survival rates. 

Comparisons were carried out using wear coefficients used in modelling 

unicompartmental Oxford mobile bearing and Triathlon PKR fixed bearing 

implants. The combination used was cobalt chromium and low cross-linked 

polyethylene in the former and with high cross-linked polyethylene in the latter. 

Wear volumes predicted with the EAKP are 10.6mm3 (10.18 mg) and 2.28mm3 

(2.11 mg), with wear depths of 0.5mm and 0.2mm, respectively.  

 

In conclusion, the wear in the EAKP was found to be higher than in more 

conventional implants. This was expected due to the smaller contact areas in the 

EAKP, which promote higher contact pressures. With the prediction from BOR 

wear coefficient, the EAKP should survive for over 3 years in terms of attributes: 

maximum wear penetration and wear volume. However, with advancements in 

material technologies, further improvement in the wear-resistance should be 

possible in the future, leading to longer life for the EAKP 
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Chapter	1		

Introduction	
Osteoarthritis (OA) is one of over 100 types of arthritis; it is distinguished from 

other forms of arthritis by its associated degeneration of cartilage. OA most often 

occurs in people 50 years and older, but younger people may also have OA 

symptoms. The most prevalent OA is found in the knee joint: in knee OA, the 

cartilage in the knee joint slowly wears at the tibiofemoral surface contact. Over 

time, the thickness of the cartilage protecting the bone decreases, resulting in bone-

on-bone rubbing. This makes it difficult for a person who has OA to carry out daily 

activities and can also lead to more severe disabilities. The occurrence of OA is 

responsible for over 90% of joint replacements performed in New Zealand. The 

incidence of OA rapidly increases in patients over 50 years of age (Hooper, 2013). 

Kurtz et al. (2007) reported that, by 2030, the forecast demand in the United States 

for primary Total Knee Arthroplasties (TKA) is projected to grow by 673% to 3.48 

million procedures and that total knee revision surgeries, where problems have been 

found with the initial surgery, are projected to grow by 601%, between 2005 and 

2030. It is estimated that the direct cost of arthritis in 2005 reached $564 million 



 
 

2 
 

(with OA being the most common form of arthritis). This cost included hospital 

costs, which represent one-third of the total (Bossley and Miles, 2009; Ministry of 

Health, July 2009). A large cost incurs not only for OA treatment but also in terms 

of productive life due to disability and lost days at work.  

 

The primary goal of OA treatment is to manage the symptoms, inhibit the 

progression of OA, decrease disability and to allow the patient to carry out normal 

activities. The final treatment-option for severe OA is Total Knee Arthroplasty 

(TKA). Recently, a novel conceptual knee prosthesis has been designed which acts 

as a stress-reducer across the joint surface, without compromising any major 

anatomical structures and which also allows a full range of knee motion (Kumar, 

2017). This prosthesis can be described as an Externally Articulating Knee 

Prosthesis (EAKP); it is attached to the outside of the bones with screws and/or 

pins. This type of implant will perhaps be a successful new treatment to delay the 

requirement of TKA, especially in the young adult patient. However, no 

comprehensive analytical or experimental studies have been carried out to ascertain 

the viability of such a prosthesis. 

 

Many factors can contribute to the implant life and failure of prostheses, such as 

fatigue, crack propagation, the presence of material voids, and sub-optimal 

manufacturing technology. Together with these, there are two significant possible 

sources of failure or lack of success of an EAKP-type implant. One is a failure 

and/or loosening of the implant/knee attachment in the long-term. Another possible 

problem-source is damage where the parts of the implant contact and slide over each 

other. The research described in this thesis focuses on the latter issue, in particular 
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on the wear and damage which may develop there. Note that wear is a significant 

cause of failure and a limit on implant-lifespan for all implants (Carr and Goswami, 

2009). In the present study of EAKP-type prostheses, this issue is complicated and 

challenging due to the relative novelty of this prosthesis, the relatively small 

contacting areas, and due to the presence of the natural knee biomechanics and 

kinematics (not seen with conventional TKA’s).  

 

1.1 Project Aim  

This research aims to evaluate EAKP implant performance in the implant contact-

regions, by predicting the wear and possible surface damage that may occur there. 

In order to achieve this goal, this research is divided into four specific objectives.  

 

First, in order to carry out an initial analysis of wear prediction, a simple geometry 

representing a Block-on-Ring (BOR) wear-simulator is developed using the Abaqus 

Finite Element (FE) software. This wear model is developed based on the classical 

Archard’s law to predict wear volume and wear depth based on contact pressures 

and sliding distances as predicted using the Abaqus computational model. A semi-

analytical model based on elastic foundation theory is also developed to verify the 

FE model. 

 

Second, to verify the computational wear prediction model, a BOR experiment is 

set up with the configuration of the FE model. From the BOR experiment, wear 

volume and wear depth are evaluated and extrapolated to multiple cycles. 

Third, considering the real implant and knee, a realistic model is first developed by 

creating a complete virtual model of an EAKP-implant and knee in SolidWorks, 
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consisting of the femur and tibia of a right knee (anatomically accurate, as obtained 

from a real knee) and all of the EAKP components.  

 

Fourth, to evaluate wear of an EAKP surface-contact, a virtual implant model is 

prescribed with realistic knee biomechanics and kinematics based on patient motion 

(from X-ray fluoroscopy data). Wear is simulated computationally based on the 

wear behaviour and results of the earlier BOR experiment and analysis. 

 

1.2 Value of Study 

The value of this research is that it will give an evaluation of possible EAKP wear 

failure and will help predict implant lifespan. This information will go part-way to 

answering the more comprehensive question of whether this type of prosthesis will 

be effective overall. 

 

1.3 Thesis Outline 

In Chapter 1 (this chapter) is presented a brief background of the study,  motivation, 

primary aim and thesis outline and arrangement. 

 

In Chapter 2, a comprehensive overview of the literature is given in order to provide 

a proper foundation for the following chapters. This includes the biomechanics and 

anatomy of the knee, surgical knee treatment for OA, wear in knee implants, 

biomaterials and their configurations in joint prosthetics, and a review of wear 

characteristics and FEA wear simulations used in the analysis of knee prostheses.  
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The development of the prosthesis assemblage details and design is covered in 

Chapter 3. In Chapter 4, information is provided regarding generic FEA 

implementation of wear generation for both a simple test configuration and a  

complete EAKP model and includes a description of the user wear subroutines used 

to perform wear depth computations and wear evaluations with the Abaqus FE 

software. 

 

Chapter 5 discusses the Block-on-Ring (BOR) experiment and also FEA 

development of a BOR computational model. The experimental and simulation 

results are compared and discussed with a view to model verification.   

 

Chapter 6 provides an overview of analytical wear models, based on a cylinder-on-

flat-surface geometry, and a comparison is made with the same configuration in 

Abaqus. 

 

Chapter 7 describes the full implementation of all the acquired data and information 

from previous chapters into a complete EAKP computational model. Results and 

analysis of the model are given and discussed in depth. 

 

The final chapter, Chapter 8, gives a brief conclusion of the research and includes 

a discussion of possible future work into this research area. 
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Chapter	2		

Literature	Review	
This chapter introduces the scientific principles of current knee implant design, 

providing a fundamental overview to assist the reader in understanding the work 

carried out in this project. The anatomy of the knee, the history of implant design, 

materials used, and possible implant failure through wear modes, are discussed. 

Also discussed are general concepts of knee biomechanics and kinematics, and the 

problems which can arise in the knee which limits proper knee function and affects 

patient lifestyle. 

 

In the second part of this chapter, the general physical phenomenon of wear is 

discussed, and the principles of wear prediction and research as found in the 

literature, together with the importance of Finite Element Analysis as a feasible tool 

for wear prediction.  
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2.1 Knee Anatomy 

The knee joint is the largest synovial, and most complex, joint in the human body, 

Figure 2.1. All the body load transfers to the feet through the two knee joints. The 

knee also aids humans in mobility and locomotion. The knee involves complex 

movements such as flexion, extension and other rotatory motions. It rotates and 

extends relative to the same reference axis. The knee consists of four bones: the 

femur, tibia, fibula, and patella. Articular cartilage or spongy bone covers the ends 

of the femur and tibia.  

 

 

Figure 2.1: The anatomy of the Knee (Hoffman, 2005) 

 

The knee joint consists of two articulations: tibiofemoral and patellofemoral, as 

illustrated in Figure 2.2. The tibiofemoral articulating surface is where the medial 

and lateral condyles located at the end of the femur articulates with the tibia. The 

medial condyle is the inner condyle of the knee, and the lateral condyle is the outer 

condyle of the knee. The medial condyle is larger than the lateral condyle since it 

supports more weight due to the centre of mass being medial to the knee. The 

patellofemoral articulating surface is where the anterior and distal parts of the femur 

articulate with the patella. Both joint surfaces are lined with hyaline cartilage and 



 
 

8 
 

enclosed within a single joint cavity (Dalley and Moore, 2006). In between the 

femur and tibia, there are areas with a different type of cartilage tissue called 

menisci, which act like shock absorbers in the joint, Figure 2.3. The meniscus also 

functions to increase the stability of the joint. 

 

 

Figure 2.2: Knee components (Jones, 2017) 

 

 

Figure 2.3: Meniscuses (Jones, 2017) 
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2.2 Knee Biomechanics and Kinematics 

The biomechanics of the knee joint is considered to be more complex than that of 

other joints such as the hip and ankle joint because of the complexity of the 

biomechanics there. The human knee joint motion can be categorized into 

translation and rotation. It has 6 degrees of freedom as shown in Figure 2.4: the 

three degrees of translation are medial-lateral, anterior-posterior, and superior-

inferior, whereas the three degrees of rotation are flexion-extension, abduction-

adduction, and axial rotation. 

 

During the normal walking gait cycle, the tibiofemoral movement is produced by a 

combination of rolling and sliding upon the tibial and femoral condyle surfaces. All 

movement is controlled by the knee joint geometry, ligaments, menisci and 

muscular tendon attachments. The tibiofemoral movements are driven by a 

combination of a group of muscles acting on the knee joint. 

 

 

Figure 2.4: Articulations in the knee joint (Jayasankar et al., 2015) 
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The motion of the human leg during walking gait and other activities can be 

captured using several methods, such as optoelectronic photogrammetry, X-ray 

fluoroscopy and dynamic Magnetic Resonance Imaging (MRI). 

 

For knee-motion capture, many studies have used optoelectronic photogrammetry. 

This method uses a joint marker;  light emitting diodes (LED), infrared emitters or 

any reflecting tape which is placed on the skin near to a joint is captured by one or 

more video cameras (Alexander et al., 1998). The imaging keeps track of the marker 

coordinates and computer algorithms process and determines the kinematics of the 

joint. This technique offers a good precision of motion; however, errors can arise 

due to skin movement, which can displace the markers from the designated position 

on the joint and corrections need to be done to compensate (Lucchetti et al., 1998). 

 

X-ray fluoroscopy has the capacity to measure and model knee motion accurately. 

It has been used to measure three-dimensional movement including all six degrees 

of freedom of the knee (Banks and Hodge, 1996). The approach involves images 

processed by a computer from two-dimensional plane X-ray fluoroscopy images. 

However, cartilage information cannot be obtained from this modality because the 

cartilage does not show up on X-ray images. This method can also be considered as 

unjustifiably exposing radiation dosage to the human body. Other methods of 

capturing knee motion information include the use of a dynamic MRI, which allows 

the acquisition of soft tissue and cartilage data. A combination of X-ray fluoroscopy 

and MRI can give high-precision images/data on the motion capture (Fernandez et 

al., 2008). 
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Most researchers focus on walking gait kinematics, as this is the most common 

usage of the knee during movement, rather than stair climbing, running and 

squatting. The pattern seen during the human walking gait phase is broadly similar 

for most individuals and consists of two-period phases; stance and swing. During 

the stance phase, the leg is in contact with the ground and can be classified into a 

number of sub-phases such as load response, mid stance, terminal and pre-swing. 

During this active stance period, the event begins with heel initial contact or heel 

strike, continuing contact with the ground until the foot leaves the ground at the toe-

off event. In the swing period, the leg swings freely and is not in contact with the 

ground. For the vast majority of individuals, the stance period occupies 

approximately 60% of the walking gait cycle whereas the remaining 40% is the 

swing phase.  Figure 2.5 shows a typical cycle of human walking gait (Roy et al., 

2012). 

 

Figure 2.5: Schematic of the normal gait (Roy et al., 2012) 
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2.2.1 Knee Kinematics 

Knee joints motion kinematics are tabulated and plotted in International 

Organization for Standardization (ISO) 14243-3. ISO 14243-3 specifies relative 

kinematics of walking gait between femur and tibia, pattern force applied, flexion-

extension, anterior-posterior translation and test configuration to be used in knee 

joint prostheses for prosthesis analysis.  ISO 14243-3 is designed to set a standard 

loading and displacement parameter for wear testing machines to test for total knee 

joint prosthesis wear. The parameters in the standard are typically prescribed to the 

knee simulator machine, to mimic real gait, when testing knee prostheses.  Although 

there is some argument regarding the precision of such simulators in replicating 

knee motion and loading, this procedure is now widely used (DesJardins et al., 

2007). In the research carried out in this thesis, the relevant ISO parameters will be 

used as the input to an Abaqus computational knee model.  

 

As observed from the ISO walking gait cycle data, as shown in Figure 2.6, during 

the initial contact of the stance phase period, the knee flexion-extension angle is 

almost zero, which shows that the joint is nearly completely extended, while the 

tibia slightly rotates externally. At this time, there is no anterior-posterior relative 

translation between the femur and tibia. 

 

During 20 percent of the walking cycle, the knee joint flexes to 20 degrees relative 

to the leg in its straight position (0 degrees) while the tibia is rotated internally and 

there is translation anteriorly of around 4.5mm. At the end of the stance phase, the 

knee joint again returns to an almost extended position with the tibia slightly rotated 

externally while the tibia moves posteriorly relative to the tibia close to the original 



 
 

13 
 

position. When the knee joint moves into the swing phase period, there is large 

flexion of nearly 60 degrees, with an almost maximum internal rotation of the tibia 

of nearly 6 degrees. At the end of the swing phase period, the flexion-extension of 

the knee returns to almost zero degrees to initial contact or heel strike, to restart a 

new cycle. As mentioned, even though every individual has a different gait speed 

and cycle, this general gait pattern is fairly consistent for all. 

 

 

Figure 2.6: Knee kinematics based on ISO 14243-3(ISO, 2014)  
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2.2.2 Knee Loading 

In normal walking gait, during the stance phase, the leg touches the ground. Because 

of this, large forces and contact pressures are experienced in the knee joint during 

this period. This phenomenon contributes to the ground reaction and muscle forces. 

From the implant engineer and researcher’s perspective, the most important stresses 

which arise in the knee and those which are relevant to possible mechanical failure, 

including wear in knee implants. These are the contact stresses over the tibiofemoral 

interfaces. The forces acting on knee joints can be determined by using analytical, 

experimental and numerical methods.  

 

Analytical studies are difficult because the knee forces and stresses arise from the 

contribution of 45 different muscles, tendons and ligaments (Viceconti et al., 2003).  

 

Ground reaction forces can be quantified using instrumented force plates. This is 

relatively easier to acquire than the measurement of in-vivo contact pressures at the 

femoral-tibia interface. From force-plate experiments and data, researchers have 

verified that total contact forces in knee joints are equal to the sum of the ground 

reactions and the muscles forces around the knee (ISO, 2014).  In the works of Chao 

(1983) and Komistek et al. (2005), knee contact forces and ground reaction forces 

were normalized to the body weight so that any knee contact forces can be estimated 

from given body weight and activity. The resultant knee joint contact force can be 

obtained for a typical walking gait cycle once the muscle force contribution is 

considered as well as the ground reaction forces.   
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Figure 2.7 shows a typical joint contact force published in ISO 14243-3, derived 

from an individual with body weight 750 N (ISO, 2014). This data is often used as 

the input for force-controlled knee simulators. As can be seen, all of the peaks are 

during the stance phase when the leg has contact with the ground. The first peak is 

just after initial contact and is then followed by the mid-stance phase, and the final 

peak is close to toe-off. 

 

 

Figure 2.7: Knee pressure contact based on ISO 14243-3 

 

In-vivo experimental contact measurements can be achieved to some degree using 

instrumented knee implants with telemetric load transmission. The output from the 

devices at the femoral head can be transmitted wirelessly to a receiver and the load 

component acting through the knee joint can be determined/analyzed (Kinney et al., 

2013; Taylor and Walker, 2001). These studies produce a valid contact pressure 

measurement from the loading and displacement input. However, the data available 

is limited to a small number of subjects, where researchers used the subjects to study 

different gait modifications and to predict the loosening process in implants. 
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2.3 Knee Joints Problems Which Lead to Surgical Procedures 

When Osteoarthritis (OA) develops into a severe stage, some form of surgical 

procedure will be required. Severe means that the pain is significantly more than at 

the early stages: the pain occurs not only during activity but also happens while at 

rest. OA is the most common reason for the requirement of a Total Knee 

Arthroplasty (TKA). If a patient is diagnosed at an early age, doctors will usually 

advise nonsurgical treatment options until the patient is 65, before advising surgical 

treatment such as joint lavage and debridement, and finally joint replacement. 

Regarding the former, up to now, there is no definitive proof showing that joint 

lavage and debridement is more effective than nonsurgical treatments in restoring 

function or relieving pain (Fibel et al., 2015; Moseley et al., 2002; Ronn et al., 

2011). Regarding the latter, Pendleton et al. (2000) and Yang et al. (2004p. 316) 

highlighted that TKA had been demonstrated to be a highly effective treatment for 

the elderly patient in improving knee function and relieving pain. Unfortunately, 

after any joint replacement, complications may arise such as prosthesis rejection, 

infection and prosthetic loosening. This will result in knee functional morbidity in 

the patient and will also require revision surgery. At present, the lifespan of a TKA 

is typically about 15 years (Parker, 2016). For this reason, these surgeries should be 

a last-resort option in controlling OA symptoms and reducing pain and used only 

for those who are quite incapacitated by OA. 

 

A number of statistics show that the population of primary arthroplasty is increasing 

and that the number is quite large: 689,608 patients reported from 2006 to 2009 

(Labek et al., 2011; McEwen et al., 2005; Pabinger et al., 2013). Since major knee 
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replacement surgery is delayed until the patient is older, there can be a long period 

of years when a patient has moderate to severe OA and yet who has no adequate 

treatment. This highlights the need for an early-stage treatment before the TKA is 

absolutely required. Further, it would be beneficial to explore different available 

options for delaying OA progression and reducing pain. One of the new concepts 

gaining popularity now is where the knee-joint is off-loaded; this will be discussed 

in what follows. 

 

2.4 Knee Implant History – Concepts and Approach 

Knee implants are designed to treat patients who are affected by osteoarthritis 

through an arthroplasty procedure. Implants involve replacing the damaged 

biological material either by resecting an amount of either distal femur or proximal 

tibia or both. In most cases, the distal femur, proximal tibia, cartilage and, in most 

cases, both the anterior cruciate ligament (ACL) and posterior cruciate ligament 

(PCL) are resected from the articulating surfaces and replaced by the prosthetic 

material. At least 150 different types of implant are available today, designed by 

engineers and physicians with attributes which give consideration to physiological 

biomechanics, and which give not only satisfaction in terms of pain relief but also 

restore ‘normal-like’ joint function (Carr and Goswami, 2009). 

 

The earliest knee implant to treat osteoarthritis was developed around 1880 in 

Berlin by Thermestocles Gluck utilizing a unit made of ivory. The concept used 

was to replace both the distal femur and proximal tibia with an ivory implant into 

the intramedullary cavities. The unit was stabilized in the bone with cement made 

of pumice, colophony, and plaster of Paris (Amendola et al., 2012). In the early 
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stages of knee implant development, implants were designed with a limited 

understanding of knee function and knee biomechanics. Researchers and engineers 

at that time assumed that knee motion was as simple as a hinge joint. At this stage, 

the designs were still in a preliminary and experimental stage, and the implants were 

only offered to those who suffered severe deterioration of the knee joint. Hawk 

(1993) reported that studies by Dr Otto Brantigan in 1941 of 100 knee cadavers led 

to two important findings: First, knee stability is controlled by the interrelationship 

between ligaments over the full range of motion. Second, the role of menisci is to 

act as cushions in the knee to absorb forces during hyperflexion and hyperextension. 

 

In the early 1950s, the concept of interposition arthroplasty with the use of metallic 

surfaces was introduced. The first model of surface replacement was invented by 

McKeever in 1960 with the Tibial Plateau Prosthesis (McKeever and Pickett, 1985). 

Since that time, knee prostheses have been designed that perform more realistically. 

Figure 2.8 provides a historical timeline of the progression of knee implant designs. 

For the period of the 1950s to 1960s, knee arthroplasty design concepts can be 

categorized into two groups: constrained/hinged prosthesis and condylar 

replacement. The condylar knee prosthesis is one where the distal femur and 

proximal tibial load bearing surfaces are replaced by non-connected components, 

and there is no direct mechanical link between the distal femur and proximal femur. 

Beginning at the end of the 1960s, a new design was invented and developed at 

Imperial College in London, which adopted the condylar replacement concept, 

known as the Freeman-Swanson prosthesis (Freeman et al., 1973; Song et al., 2013). 

This prosthesis consisted of an articulating metal roller which was attached to the 

distal femur, with a polyethylene tibial tray replacing the proximal femur; it 
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required the sacrifice of both cruciate ligaments. Although Scott (2011) reported 

that results with these implants were considered unsatisfactory, the acquired 

experience led to the generation of new design approaches for knee implants 

(Robinson, 2005). A review of the earlier designs (of such anatomical and 

functional prostheses) and development of knee prostheses, particularly over the 

1970s, is given in Appendix A. 

 

 

Figure 2.8: History of knee implants innovations. Approximately 10 anatomical 

and 13 functional models were developed between the late 1960s and the late 

1970s (Carr and Goswami, 2009) 

 

2.5 Modern Total Knee Arthroplasty (TKA) 

Since the earliest knee implants introduced, modern TKA has proved to be the most 

successful invention to preserve patient mobility. It consists of four components, as 

illustrated in Figure 2.9, which replace the resected bones. The distal femur is 

replaced with the metallic femoral component, the proximal tibia is replaced with 

the tibial tray, and the plastic spacer and patella components replace the bottom of 
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the patella surface. (A brief discussion of the surgical procedure for modern TKA 

is given in Appendix B.) 

 

 

Figure 2.9: Artificial Knee Components (Scmidler, 2017) 

 

The performances of TKAs have improved since being introduced in knee joint 

reconstruction. The results look promising but are sometimes disappointing. 

However, through clinical studies, experimentation and retrieved data, a proper 

understanding of the incidence of failure can be made, and this has led to continuous 

improvement of prostheses in general. The early generation of knee replacements 

was very encouraging in terms of managing pain and patient locomotion, but long 

term evaluations have revealed failure incidence due to aseptic loosening, instability 

and patellofemoral joint complications. For the second generation, beginning with 

the Total Condylar prosthesis, the failure rate, and the revision rate has reduced 

(Palaiochorlidis and Karachalios, 2015). Previous experience has enabled the 

orthopedic scientist to understand the causes of failure. Understandings of 

biomechanics, advances in material research, tribology and surgical technology 
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have all improved the survival rate for TKA implants from 10 years out to 15 years 

for 85 to 95 percent of patients (Hirschmann et al., 2013). In contrast, approximately 

20 to 30 percent of patients are not happy after TKA. Patients have complained of 

pain, swelling, instability, a restricted range of motion and that expectations are not 

fully met (Hirschmann et al., 2013). 

 

2.6 Implant Materials 

Following on from the general discussion of knee implants in the previous section, 

in this section will be discussed the materials out of which most implants are 

manufactured, together with a discussion of their properties and the reasons for their 

use. 

 

The mechanical properties of metals make them fit for many engineering load-

bearing applications. However, there are only a few metal systems that are suitable 

for medical implants. The primary reason is due to the requirement for 

biocompatibility in medical devices. Biocompatibility means that the body does not 

consider the material to be a foreign entity and so rejection does not occur. 

Currently, materials commonly used in implant products include stainless steel, 

titanium alloys, cobalt-chromium-molybdenum alloy (Co-Cr-Mo), ceramics, and 

polymers such as Ultra-High-Molecular-Weight Polyethylene (UHMWPE) and 

Highly-Cross-Linked Polyethylene (PEX/HXLPE).  

  

Apart from biocompatibility, in designing implants, engineers need to consider the 

considerable contact stress occurring cyclically at up to 1.5 million cycles per year, 

exposing the implant to fatigue and wear of the contact surfaces (Bartel et al., 1986; 
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Fisher et al., 2006). The correct material selection for such an application is crucial 

to implant life. The challenge to engineers and designers is to maintain this loading 

demand with minimal wear. 

 

Some of these materials, their use at load-bearing surfaces, and the phenomenon of 

wear at such surfaces will next be discussed. 

 

2.6.1 Stainless Steel 

Stainless steel is one of the metals that was used in earlier versions of implants. It 

is reliable and cheap to manufacture and easy to form because of its ductility. 

Stainless steel contains chromium that forms an oxide layer when dipped in nitric 

acid to reduce corrosion, and the molybdenum increases this protection when 

compared to other steels. However, its Young’s modulus of around 200 GPa is ten 

times higher than that of cortical bone. This higher stiffness of the implant results 

in stress shielding which can lead to bone resorption. The material can also be 

susceptible to corrosion when there are imperfections in the chromium seal. 

 

 

2.6.2 Titanium Alloy 

Another material that has been used in recent years is titanium alloy (Ti-6Al-4V). 

One of its primary qualities regarding biomedical applications is its excellent 

resistance to corrosion. It also has a lower Young’s modulus compared to stainless 

steel, of around 110GPa, about five times that of cortical bone’s Young’s modulus 

(Kohn and Ducheyne, 2006; Willert et al., 1996). The other advantageous property 

is its non-magnetic properties or MRI compatibility. However, the trade-off is that 
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this titanium alloy has poor resistance to wear and is less ductile than many other 

materials; for example, it will generate more metal debris as compared to cobalt 

chromium (Long and Rack, 1998; Tigani et al., 2012). For better wear resistance, 

oxidation treatment for surface enhancement, ion implantation, TiN coating and 

alloying can be carried out (Kaivosoja et al., 2013). 

 

2.6.3 Cobalt-Chromium-Molybdenum Alloy (Co-Cr-Mo) 

Cobalt-Chromium-Molybdenum alloy, also known as Vitallium or Stellite, is 

biocompatible and has high resistance to wear, producing much less debris than 

titanium alloy (Long and Rack, 1998; Tigani et al., 2012). It is the most widely used 

material in artificial joints including hip and knee implants because of its excellent 

strength, wear, and fatigue and corrosion resistance. The abrasion resistance is also 

superior to that of stainless steel.  However, one disadvantage is that it is relatively 

more expensive to manufacture. 

 

2.6.4 Ceramics 

A ceramic material may be defined as any inorganic crystalline material 

compounded of a metal and a non-metal; examples are Alumina or Zirconia. 

Ceramics are used to satisfy two purposes in artificial implants; as bearing surfaces 

or as coatings. Ceramics have received much attention recently because of their 

excellent wear resistance; it has the lowest wear rate of all, to an almost 

unmeasurable amount of 0.001 mm3 per year in vitro (Choi et al., 2016; Willmann, 

2000). It also has high resistance to compressive stress so that it has become the 

hardest implant material used in the body. However, ceramics are typically brittle 

with low fracture toughness. The high Young's modulus also gives increased stress 
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shielding, and its low tensile strength can lead to fracture and poor crack resistance. 

In hip arthroplasty, articulation consists of a conforming ball and a socket joint 

with translational and rotational motion. With the advantages of the high 

conformity and cross-shearing motion, the hip arthroplasty experiences relatively 

low contact stresses of around 2–5 MPa. However, knee joints have more complex 

biomechanics and the anatomy of the joints features relatively low conformity. 

During flexion and extension, knee articulation involves rolling and sliding, which 

results in high contact stresses of around 20–40 MPa (Pruitt and Chakravartula, 

2011). On the other hand, the knee only relies on ligaments and the meniscus to 

hold and stabilize the knee joint as well as redistributing and reducing stress 

during loading. Other than that, the knee joints will experience high impact during 

jumping and sudden pivoting, more so than in the hip joint, and so any material 

used for TKA would require an adequate toughness (Pruitt and Chakravartula, 

2011). 

 

With their combination of low fracture toughness and low tensile strength, ceramics 

are one option for hip arthroplasty, but they are not so suitable for knee 

arthroplasties. Other than that, it has been known to lead to a squeaking sound 

during weight-bearing activity. There have also been complaints by patients with 

hip prostheses of annoying squeaking during sexual intercourse (Owen et al., 2014). 

 

2.6.5 Ultra-High-Molecular-Weight Polyethylene (UHMWPE) 

Ultra-High-Molecular-Weight Polyethylene (UHMWPE) is formed from a 

subcategory of polyethylene. (Polyethylene subcategories are defined based on 

molecular weight, and include Low-Density Polyethylene (LDPE), Linear-Low-
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Density polyethylene (LLDPE), High-Density Polyethylene (HDPE) and 

UHMWPE.) UHMWPE is also identified as High-Modulus Polyethylene (HMPE) 

or High-Performance Polyethylene (HPPE) (Kaivosoja et al., 2013). UHMWPE has 

a molecular weight of between 3.1 and 5.67 million, more than ten times that of 

HDPE. This high molecular weight results in excellent packing of the chains into 

the crystal structure which leads to a very tough material (McKeen, 2016). 

UHMWPE is also known for high resistivity to corrosive chemicals, extremely low 

moisture absorption and high resistance to abrasion. Its coefficient of friction is also 

very low, usually less than 0.1 (Ali et al., 2015). UHMWPE has been used in the 

majority of hip arthroplasties as the cup acetabular liners, in the contact assemblage 

between the femoral head and acetabular component (Kurtz, 2015). In knee 

arthroplasties, UHMWPE is used for plastic spacers and patella buttons, and the 

tibial tray is made from a titanium alloy or cobalt-chromium-molybdenum alloy 

(Co-Cr-Mo) (Kurtz, 2009).  

 

2.6.6 Highly-Cross-Linked Polyethylene (HXLPE) 

An alternative to HDPE is Highly Cross-Linked Polyethylene (HXLPE), also 

written as Highly-Cross-Linked UHMWPE. Here, HDPE undergoes a chemical or 

physical reaction that causes the molecular structure of the PE chains to link 

together (McKeen, 2016). HXLPE has superior wear resistance to UHMWPE. 

Although HXLPE is highly beneficial in terms of wear resistance, it has less 

molecular mobility, lower material ductility, and reduced fatigue and fracture 

resistance (Kurtz and Patel, 2015). Clinical data relating to the outcome of the new 

HXLPE remains limited regarding toughness and fatigue (Kurtz and Patel, 2015). 

However, research is ongoing to improve its properties. For the time being, with 
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limited clinical data available for the use of HXLPE, its use is recommended with 

caution (Hirschmann et al., 2013; Lachiewicz and Geyer, 2011), and UHMWPE 

remains the gold standard for hip and knee arthroplasties. 

 

2.7 Material Configurations in Bearing Surfaces   

In developing new knee prostheses, engineers should be aware that the 

combinations of materials also play a significant role in lengthening prosthesis life. 

The combinations for articulating surfaces can be divided into four categories: 

Metal–on-Polyethylene (MoP), Metal-on-Metal (MoM), Ceramic-on-Ceramic 

(CoC), and Ceramic-on-Polyethylene (CoP). The first material-type here represents 

the femoral head or femoral condyle, and the latter term is the counter face such as 

acetabular cup or tibia liner. 

 

Metal-on-Polyethylene (MoP) is popular in artificial hip joints, for example, a 

polished metallic femoral head paired with a polymer acetabular cup such as 

UHMWPE. However, this combination of material does not always perform, and 

any failure is almost always due to wear and the production of small particles from 

the polyethylene acetabular component (Ries et al., 2001). This phenomenon will 

often cause osteolysis and result in loosening of the prosthesis (Ulrich et al., 2008). 

Over the last three decades, extensive research and innovations have been carried 

out into prosthesis design and surgical techniques so that, today, the MoP pairing is 

considered to be the gold standard for hip arthroplasty (Canale and Beaty, 2007; 

Chapman et al., 2001). In knee implants, the MoP configurations are most common 

in knee arthroplasty. Cobalt-chromium is most common, while Titanium Alloys 

have been used more recently. The principal causes of failure are associated with 
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the polyethylene tibial tray. As reported by Currier et al. (2005), in a study of 94 

retrieved knee components, common polyethylene tibial tray failures were due to 

wear of the polyethylene tibial tray, fracture, pain, loosening, malposition, 

instability and dislocation. 

 

The Metal-on-Metal (MoM) combination was developed to overcome the problems 

related to wear in the MoP hip arthroplasties. In MoM, both femoral head and 

acetabular cup are made from the same metallic material. However, the in vivo 

performance of MoM hip arthroplasties has been unsatisfactory for many patients. 

From experimental test runs on MoM hip implant designs, most of the wear rates 

are much lower than that seen in MoP configurations. However, although the wear 

resistance is superior to MoP, the sliding of metallic components can produce ions, 

especially Co and Cr, which can result in implant failure (Dumbleton and Michael, 

2005; Mikhael et al., 2009). MoM implants are not favoured in knee arthroplasties 

due to high blood metal ion levels, for example as reported in 19 of 22 patients with 

MoM hinge knee arthroplasties (Laitinen et al., 2017). 

 

For Ceramic–on-Ceramic (CoC) design configurations, both femoral head and 

acetabular cup are made of a ceramic such as Alumina (Al2O3) or Zirconia (ZrO2), 

or a ceramic composite such as an Alumina/Zirconia combination. CoC hip 

prostheses wear rates in hip simulations have been reported to be lower than those 

of MoM implants, and much smaller than MoP designs (Williams et al., 2007). This 

result is because of the ceramic’s high hardness and also because a very low surface 

roughness can be attained through polishing, which can maintain a hydrodynamic 
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lubricant film better than rougher MoM or MoP bearings. There are no reports of 

CoC knee implants (Kennedy, 2012). 

 

Ceramic-on-Polyethylene (CoP) is another alternative material combination used 

today. Use of ceramic in the femoral head in hip arthroplasty has increased 

significantly in recent years. In Figure 2.10 is shown the comparison of femoral 

heads composition coupled with polyethylene in hip arthroplasty from 2012 to 2017 

in the USA. Figure 2.11 shows more clearly this increase in usage: it displays the 

percentage of operations which use this combination for each patient age by decade. 

This figure shows that sugeons have used ceramic in the femoral head more for 

younger patients as compared to those in their 80’s and above  (AJRR Annual 

Report 2018, 2018). In knee implant design, femoral components made from 

Alumina/Zirconia composite contact UHMWPE tibial trays. Although long-term 

clinical data is quite limited for knee arthroplasty, a study has been accomplished 

for such a configuration in an established knee implant design; it was found that the 

wear results were almost identical to those for MoP (Benazzo et al., 2007). A 

separate study with 109 knees and a five years follow-up showed survival rates of 

CoP knees comparable to those of MoP knees (Bergschmidt et al., 2016). However, 

the CoP outcomes in Total Knee Arthroplasty failed to show a significant clinical 

difference to MoP after five years (Garrett et al., 2010; Hui et al., 2011; Kim et al., 

2010; Laskin, 2003). In contrast, a recent study with a new ceramic design, Tri-

Condylar, in a long-term study with a minimum of 15 years implantation, follow-

up showed excellent implant durability relative to the expected life, pointing to a 

promising alternative material arthroplasty to MoP for femoral knee components in 

Total Knee Arthroplasty (Nakamura et al., 2017). With the help of advances in 
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manufacturing techniques for improving the properties of ceramics, especially in 

increasing toughness, ceramics should become another success in Total Knee 

Arthroplasty along with the standard MoP and might even be better in regard to 

biocompatibility and ion sensitivity.  

 

 

Figure 2.10: Comparison of the use of femoral heads composition (CoCr or 

Ceramic) coupled with polyethylene in hip arthroplasty from 2012 to 2017 in the 

USA (N=315,824) (AJRR Annual Report 2018, 2018) 

 

 

Figure 2.11: The percentage of hip primary arthroplasty procedures which use a 

ceramic femoral head and polyethylene cup, for any given patient age by a 

decade, from 2012 to 2016 in America (N=364,498) (AJRR Annual Report 2018) 
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2.8 Physical Wear Test for Bearing Configuration 

Standard physical wear tests have been developed and widely adopted by the 

general engineering tribology research community to evaluate human prosthetic 

joints. (The concept of wear will be discussed more fully in the next section below.) 

In these procedures, a simple configuration of materials and surfaces is used to 

represent the articulating surfaces.  Most researchers use the pin-on-disk (POD) 

arrangement as the bearing configuration. However, simple wear tests cannot 

comprehensively capture wear mechanisms seen in full joint simulators. The full 

joint simulator assesses full geometrical design in conjunction with bearing material 

configuration. The complete simulator is, therefore, unsurprisingly, more complex 

and very much more expensive than the simple testing procedures (Haider and 

Garvin, 2008; Haider and Kaddick, 2011; Haider et al., 2012; Saikko et al., 2001; 

Saikko and Ahlroos, 1999b). 

 

Numerous approaches have been developed to improve UHMWPE implant life 

expectancy (Kurtz, Muratoglu et al., 1999). In the earlier stages of testing, a material 

can be ranked (based on wear resistance) using economical, simple POD test 

configurations. This can help produce good UHMWPE formulations for bearing 

materials before the materials are used and tested with more complicated and 

expensive equipment, for example in a full wear joint simulator (Dumbleton et al., 

1974; Dumbleton and Shen, 1976; Dumbleton, 1978; Wright et al., 1982). Baykal 

et al. (2014) mention that, from the results of numerous tests, multidirectional 

sliding POD is capable of ranking UHMWPE formulations with respect to in vivo 

wear rates. However, the capability of the POD test to simulate realistically the true 

wear mechanism in vivo is still questioned. Ideally, test data should be produced 
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repeatedly and compared across different research laboratories in order to develop 

a standardized test (Haider and Baykal, 2016). 

 

With the POD wear-test configuration, it is not straightforward to ensure that a 

consistent contact area and stress is achieved with the flat metal pin on the flat 

UHMWPE surface. This configuration produces edge effects which make it 

difficult to achieve a precise contact. This is also the case for pins with chamfer and 

curved edges. Since UHMWPE wear depends on the contact area and contact stress, 

edge effects associated with the flat metal pins will give rise to problems in 

determining the proper contact area and wear. However, Lewis (1998) suggests that 

a highly convex or spherical configuration of metal pins should be used and that the 

approximate contact area can be estimated using the Hertzian contact theory. Al-

though TKA mechanics models are more appropriately based on elastic foundation 

contact theory, such approximations have been cross-validated with finite element 

analysis computer simulations, and also experimentally, using static pressure-

sensitive film (Bartel et al., 1986; Sanders et al., 2016). 

 

In order to replicate the pressure and contact stresses arising in a Total Knee 

Arthroplasty (TKA), the selection of axial load and area of contact in wear testing 

should be chosen carefully, one reason being that the compressive stresses seen in 

TKA have a wide range, from 2 to 50 MPa, depending on the particular TKA 

implant type (Walker, 2005). Many studies have been carried out into the 

relationship between contact pressure and area of contact, and the resulting 

UHMWPE wear behaviour (Mazzucco and Spector, 2003; Rostoker and Galante, 

1979; Saikko, 2006). A number of researchers have put forward the hypothesis that 
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static axial loading may possibly result in higher wear compared to dynamic 

loading, due to lubricant starvation (Charnley, 1976; Dumbleton, 1978; Walker et 

al., 1996). On the other hand, Saikko and Kostamo (2011) reported that wear rates 

show no difference between dynamic loading and static loading when using 

multiaxial POD experiments. This difference in findings may be because of slight 

variations in the numerous factors involved, such as contact stress, applied load, 

velocities, surface topology, the flatness of pin, and kinematics, which all contribute 

to the wear result. 

 

Although the wear rates obtained in POD experiments have often been close to the 

clinically observed values, this does not assure that the wear mechanism 

experienced with the POD configuration is similar to that in vivo, due to the test 

set-up simplifications (Dumbleton, 1978; McKellop et al., 1978). Therefore, 

researchers have compared experimental samples from POD tests with retrieved 

implants, in order to assess whether the wear mechanisms are similar or not (K. 

Brown et al., 1976; Dumbleton, 1978), and it has been found that wear mechanisms 

and wear coefficients are in general of the same type and order of magnitude. 

 

Most researchers carry out the POD tests with Bovine serum (23 g/L) or Alpha calf 

serum (20 g/L) as the lubricant (Lee and Pienkowski, 1998; Saikko et al., 2001; 

Saikko and Ahlroos, 1999b; Turell et al., 2005). Both types of lubricants’ viscosity 

are approximately 1.25 centipoises (cP) (Yadav et al., 2011). These proteins are 

lubricants which are close to the synovial fluid in the knee joints. This facilitates 

similar wear mechanisms as seen in vivo during testing (Ahlroos, 2001; McKellop 

et al., 1978; Walker et al., 1996; Wright et al., 1982; Yao et al., 2003). However, 
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with the lubricants, the wear factors obtained with unidirectional and reciprocating 

simple POD tests were one to three times smaller than that observed in retrieved 

Total Hip Arthroplasties (THA) and Total Knee Arthroplasties (TKA). Most 

probably, this phenomenon was due to simplifications made with geometry and 

other test conditions (Bragdon et al., 2001; Dumbleton, 1978; Saikko and Ahlroos, 

1999a; Turell et al., 2005; A. Wang et al., 1997). 

 

Nonetheless, despite these test shortcomings, it has been possible to use POD 

testing to rank early bearing materials based on relative wear rates rather than exact 

wear rates (Dumbleton, 1978; McKellop et al., 1978; Wright et al., 1982). For 

example, in reciprocating POD testing comparing polytetrafluoroethylene (PTFE) 

and polyester to UHMWPE, results showed that wear rates in the former are 

substantially higher than that in UHMWPE, which is consistent with clinical 

outcomes (Mazzucco and Spector, 2006; McKellop et al., 1978). 

 

Wear has customarily been quantified using wear coefficients or wears factors; 

these give the measured wear volume per unit load per unit sliding distance. These 

will be discussed further below in the context of Archard’s law.  

 

2.9 Wear 

Wear is one of the most common factors leading to implant failure and the 

requirement for patient implant-revision. Wear is a phenomenon involving a 

microscopic interaction between two bodies and can be defined as an undesirable 

gradual solid material loss from surfaces caused by one or more contacts in relative 
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motion (Affatato and Brando, 2012). It commonly occurs at the articulating surfaces 

of the knee and hip joint.  

 

Wear is a challenge in implants for two reasons. First, although the material used 

for implants can be inactive or offers long-term resistance to biological attack, the 

debris particles produced from the rubbed surface can initiate an inflammation 

response. Biocompatibility is a complex issue in that both the element property 

itself and the size/scale of the biomaterial can initiate an inflammatory response 

(Anderson, 1983). Biomaterials in bulk form can initiate an inflammatory response 

if the size of the material is small enough to be ingested by inflammatory cells such 

as a macrophage (Howie et al., 1993). Second, the wear effect of medical devices 

leads to an alteration in the implant geometry caused by the removal of material. In 

the long term, this can change the desired function of the device and shorten the 

device life.  

 

Thus, research into improvement of wear properties is of vital importance in 

lengthening device life. The wear phenomenon is impossible to be removed 

entirely, but can in many cases be  reduced. 

 

The mechanisms of wear are very complicated, and five different microscopic wear 

processes have been explicitly identified: abrasion, adhesion, fatigue, erosion and 

corrosion (Archard, 1980; Peterson and Winer, 1980; Schmalzried and Callaghan, 

1999). These mechanisms are discussed next.  
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2.9.1 Abrasive Wear 

Abrasive wear occurs from the interaction of hard asperities with other surfaces or 

third body particles which become trapped between contact surfaces and rubbed 

under loading motions. Abrasive wear occurring between two surfaces is called 

two-body abrasive wear as shown in Figure 2.12a. Third-body abrasive wear occurs 

with the presence of foreign materials, such as bone chips or bone-cement particles 

between the contacts as shown in Figure 2.12b. Abrasive wear contributes to 

implant failure mainly by generating particulate debris that results in osteolysis. 

 

2.9.2 Adhesion Wear 

Adhesive wear occurs at the asperity tips when soft material surfaces rub on hard 

asperities. The soft material transfers and welds onto the harder material and covers 

the hard asperities as shown in Figure 2.13 (Stachowiak and Batchelor, 2013).  

 

Figure 2.12: Abrasive wear a) a surface with hard asperity and b) a third body 

particle present in between two contact surfaces 

 

This wear type commonly occurs in the wear of polymers when subjected to 

repeated sliding over the same path on polished metal surfaces (Abdelbary, 2015). 

A consequence of repeating sliding and increments of adhesion material is a change 

in the roughness of both contact surfaces. The variation of surface roughness can 
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contribute to different phases of wear (running-in phases and a later steady-state 

phase, as will be discussed more fully in section 5.4.10) (Abdelbary, 2015). 

 

 

Figure 2.13: Adhesive wear (Abdelbary, 2015) 

 

2.9.3 Fatigue Wear 

Fatigue wear is known to be one of the critical mechanisms that contribute to 

polymer implant failure due to direct fracture initiated from microcracking 

(Stachowiak and Batchelor, 2013). This wear occurs when polymers endure 

repeated stress-strain cycling during rolling and sliding. Furthermore, this leads to 

initial subsurface crack development in the polymer, and also possible near-vertical 

surface cracks; the repetition of motion lead to crack propagation and finally the 

breaking away of polymer debris fragments from the surfaces, as illustrated in 

Figure 2.14.  
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Figure 2.14: Fatigue wear (Abdelbary, 2015) 

 

This fatigue wear which results in crack propagation and the removal of strips of 

material is also known as delamination, which is one of the primary causes of wear 

in polyethylene knee arthroplasty, as shown in Figure 2.15. Figure 2.16 shows a 

tibial (polyethylene) insert subjected to significant stresses immediately beneath the 

surface components contacting area, with peak stresses at a depth of 1 to 2 mm 

below the surface; the material has delaminated (Muratoglu et al., 2003). 

 

 

Figure 2.15: Fatigue wear and delamination (Stachowiak and Batchelor, 2013) 
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Figure 2.16: Retrieved polyethylene tibial insert showing severe wear damage, 
including severe delamination and wear (10 years in vivo) (Bracco et al., 2017). 

 

2.9.4 Corrosion Wear  

Corrosion wear is defined as a slow and progressive process of deterioration of the 

material involved, a result of surface material being exposed to the environment and 

which then involves a chemical reaction and eventual wear of the surfaces. It usually 

occurs in metallic components. However, ceramics and polymers also experience 

this phenomenon. An appropriate simple description of the phenomenon is that it 

results in degradation of material (Affatato and Grillini, 2013).  

 

The product of corrosion is oxidation, and it can occur in any oxidation 

environment, such as water. The oxidation forms an oxide layer over the surface, 

and the properties of the new surface differ from those of the original surface. These 

oxides tend to come off and cause indention or hollows on the surfaces, which then 

become abrasive third body particles when trapped in between rubbing surfaces.  
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The environment in the human body is excellent for encouraging wear corrosion, 

due to its water content, organic compounds, dissolved oxygen, and ions at 

temperatures of around 37°C and 7.4 pH concentration. In between moving contacts 

such as in joint motion, any oxide layer or corrosive products can be removed by 

rubbed surfaces, and this will decrease the protection against corrosion and promote 

further material removal (Jacobs et al., 1998). It is sufficient to use materials with 

excellent surface properties or coatings with excellent corrosion resistance to reduce 

corrosion effects (Thomann and Uggowitzer, 2000). 

 

2.10 Fundamentals of Wear Modelling – Archard’s Law 

The wear which occurs at contacting surfaces in biomedical implants can be 

measured and analysed through extensive material testing. However, in order to 

understand the processes better, make predictions as to the possibility of future 

wear, and do so without the need for unnecessary and burdensome experimental 

programmes, mathematical models of material wear are essential. Furthermore, 

mathematical models can be used, with appropriate caution, to make predictions in 

cases where actual testing is difficult or even impossible, as can be the case for 

devices implanted in the human body. 

 

Archard’s law is the most commonly used wear model. It is based on some early 

work of Holm and Archard (Archard, 1953). It was derived for metallic bearing 

surfaces with the assumption that the asperities are plastically deformed so that the 

real contact area is directly proportional to the load applied (Liu et al., 2011). It 

states that the wear volume V is proportional to the applied load FN, and the sliding 

distance S, and inversely proportional to the hardness H of the softer material. The 
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proportionality constant is the wear coefficient K, which correlates with the friction 

coefficient of the contacting system. A higher coefficient of friction gives a higher 

wear coefficient and vice versa. The most common form of the equation is (Archard, 

1953): 

 

	       2.1 

 

It is often useful to have an expression for the wear depth h, which is obtained by 

dividing Eq. 2.1 through by the contact area A. The resulting expression can be 

made more concise also by introducing a new wear coefficient	 	 / : 

 

	 	                                          2.2 

  

Here, /  is the contact stress. Using SI units, h is the wear depth in m, p is 

the contact pressure in Pa, S is the sliding distance in m, in which case the units of 

the wear coefficient, Kw, are m2/N. These units of Kw are sometimes written as 

m3/Nm. When the units of wear depth and sliding distance used are mm, and the 

units for the pressure are N/mm  (MPa), the units of the wear factor become mm2 

N-1  or mm3 N-1 mm-1.   

 

When carrying out a study of wear, one can perform wear tests for various 

combinations of materials, usually in simple configurations, e.g. cuboid blocks 

sliding repetitively over each other. From these experiments, one can typically 

measure the pressure, wear depth and sliding distance. These measurements are then 

used in conjunction with Eq. 2.2 to determine the wear coefficient. 
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A large number of wear coefficient values have been published in the literature, and 

these vary widely depending on the materials and surfaces used, the precise loading 

conditions, lubrication employed, and also on the sliding motion. For example, Kw 

values have been reported to range from 10-12 to 10-9 mm3 N-1 mm-1 for MoP 

configurations, depending on the factors mentioned (L. Yang, 2005).   

 

Another important measure used in the analysis of wear and implant bearing 

performance is the wear rate, which is defined as the volume of wear divided by the 

number of cycles a joint undertakes annually (Maxian et al., 1996b). 

 

2.10.1 The 2nd Generation of Archard’s Law 

The original Archard’s Law assumed that the wear coefficient  has a constant 

value for the working conditions. In other words, regardless of the magnitude of 

contact pressure and sliding distance, the production of volume loss is assumed to 

be at the same rate (Jin, 2014). However, uni-directional and reciprocating sliding 

wear in experimental tests have been shown to lead to lower wear rates than that of 

multi-directional sliding experiments. Wear in multidirectional sliding was 

observed by Davey et al. (2005) through direct imaging techniques and it was 

suggested that volume wear increases due to cross-shear. This is where hardening 

in the principal sliding direction (due to surface molecule alignment) increases wear 

resistance in that direction, but with a consequent reduction in wear resistance in 

directions transverse to that direction, resulting in an overall increase in the wear 

factor. Studies by Foran et al. (2004), Kang et al. (2008), O’Brien et al. (2015), and 

Wang (2001) showed that wear is more generally dependent on the cross-shear ratio 
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CS. This is the ratio of the frictional work done perpendicular to the principal sliding 

direction, to the overall frictional work. Wang (2001) investigated the effect of 

multi-directional sliding and this has led to a 2nd generation of Archard’s law; here, 

the wear formulation is based on cross-shear CS theory which is incorporated into 

the wear coefficient Kw, with Kw treated as a function of the CS, as depicted in Eq. 

2.4: 

 

	 	 	                     2.3 

 

The CS multidirectional function has been evaluated for POD tests for wear in 

unidirectional, reciprocating and multi-directional sliding (Turell et al., 2003). 

2.10.2 Alternative Wear Laws 

Alternative formulations of wear laws to those discussed above are available, for 

example, laws based on the contact area have been adopted for both hips in Liu et 

al. (2011), Liu et al. (2012) and knees in Abdelgaied et al. (2011). Based on Liu et 

al. (2011), the wear volume V is postulated to be proportional to the contact area A 

and sliding distance S: 

 

	 	                 2.4 

 

where  is a wear coefficient. As before, the associated clinical and experimental 

wear studies report that wear is dependent also on cross-shear ratio  and contact 

stress	 . The wear coefficient is effectively defined as a(Turell et al., 2003)(Turell 

et al., 2003)(Turell et al., 2003)(Turell et al., 2003)(Turell et al., 2003) function of 
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CS and non-dimensional contact stress	 / , where E is the elastic modulus of the 

polyethylene bearing material (Turell et al., 2003): 

 

,         2.5 

  

The wear depth 	results from dividing Eq. 2.4 by the contact area A: 

 

, 	                  2.6 

 

The wear coefficient	 , cross-shear ratio CS and non-dimensional contact 

stress	 / , were measured from a POD wear test using the same material 

combination as used in Total Joint Arthroplasty (Abdelgaied et al., 2018). This new 

wear law incorporates a new understanding of the variables involved in wear and 

offers new opportunities for optimising design parameters. 

 

2.11 Computational Modelling of Wear 

As mentioned earlier, physical wear experiments to replicate human joint 

kinematics and joint biomechanics are time-consuming, expensive and 

complicated, and mathematical modelling is often necessary for an understanding 

of the phenomena. In that case, computational wear models are adopted. For the 

implanted human knee joint, these computational models are used to solve the 

coupled mathematical equations governing the kinematics of the knee and moving 

contacting surfaces, the balance and equilibrium of forces within the knee joint, the 

constitutive equations for the various materials within the joint, and those equations 

governing the wear itself, e.g. Archard’s Law. Comprehensive computational 
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models can be used for virtual testing of the knee joint, and provide a flexible means 

for testing many different implant designs, material combinations and different 

joints motions (Elkins et al., 2011; Elkins et al., 2014; Liu et al., 2008; Uddin and 

Zhang, 2013; Zhang et al., 2013).  

 

Unlike the determination of the wear coefficient from physical testing described 

earlier, a computational model of wear works on the principle that the wear 

coefficient is specified, and the wear depth is calculated computationally, e.g. using 

Eqn. 2.3 (the pressure and sliding distance are also evaluated by the computer 

model). The procedure followed is usually first to determine the wear coefficient 

from some simple test, by using a set-up as close as possibly relevant to the actual 

contact conditions as will be seen by the contacting surfaces in the real situation, 

e.g. within a knee implant and the human knee joint. This determined wear 

coefficient is then used in the computational model to determine the wear at the 

contacting surfaces in the actual implant. There is some evidence of successful 

virtual wear algorithm implementation by researchers to make wear predictions of 

artificial implants. 

 

Early computational research was used to predict wear in the hip implant using 

Archard’s law. One of the first models was developed by Maxian et al. (1996a) to 

study wear in metal-on-polyethylene (MoP) hip joint arthroplasties. The objective 

of the study was to compare the performance of different hip implant head sizes and 

polyethylene liner thicknesses. The wear coefficient Kw used in the models was 

obtained from pin-on-disc (POD) experimental data with a value of 1.066 × 10-9 

mm3 N-1 mm-1. (The POD experimental test will be described in some detail in 
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section 4.2.1) The main finding was that the volumetric wear rates increased with 

the larger diameter of the head and thinner polyethylene insert and vice versa 

(Maxian et al., (1996b). These findings were later confirmed by the work of Kang 

et al. (2006). The studies by Maxian et al. (1996a, 1996b) were 

numerical/computational and were carried out without physical experimental 

validation. A year later, Maxian et al. (1997) published a study of acetabular cap 

wear in hip arthroplasty and this time validated the model with physical 

experiments. They found a close correlation with experimental data with wear 

coefficient Kw used. 

 

Brown et al. (2002) develop a hip model to explore the influence of localised 

roughening of the femoral head, including the degree of roughness, area and 

position of roughness patched. The study adopted a MoP combination with wear 

coefficient 1.066 × 10-9 mm3 N-1 mm-1 acquired from POD test data. With an 

Archard’s law wear model, the model predicted that localised roughening leads to 

a seven-fold increase in wear rates. 

 

Matsoukas et al. (2009) made a direct comparison between wear damage in a hip 

knee simulator and a computational analysis considering the effects of time and 

nonlinear stress-strain relationships for a MoP configuration. The primary objective 

of the study was to combine plasticity, creep and wear into the computational 

model. The wear coefficient was determined from experimental data to be 5.3 × 10-

10 mm3 N-1mm-1.  The computational model was able to predict similar maximum 

penetration depths and locations as in the experiment. However, the model could 

not predict the local morphology of the worn patch successfully. 
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Many other studies have used Archard’s Law in the computational modelling of hip 

implants with MoP contacting surfaces, for example the works by Bevill et al. 

(2005), Fialho et al. (2007), Kurtz et al. (1999), Lundberg et al. (2005, 2006, 2007), 

Patil et al. (2003), Penmetsa et al. (2006), Pietrabissa et al. (1998), Raimondi et al. 

(2001), Strickland et al. (2011), Sfantos and Aliabadi (2007), Teoh et al. (2002) and 

Wu et al. (2003). 

 

Computational studies incorporating Archard’s Law have also been developed and 

used extensively for the analysis of knee implant performance.  

 

Knight et al. (2007) developed an Adaptive Finite Element Method (FEM) 

computer model to simulate the wear of UHMWPE tibial inserts and compared the 

results to those from a knee wear simulator. (FEM is discussed in more detail 

chapter 4.) The inputs for the simulator followed ISO Draft Standard 14243-2. The 

model was also used to compare predicted knee kinematics, wear loss and wear 

depth. The wear coefficient used in the MoP configuration was 2.64 × 10-10 mm3 N-

1mm-1, estimated from an average of wear factors from Total Knee Arthroplasty and 

ball-on-flat wear tests in the literature (MacDonald, 2004). The result shows a good 

correlation between predicted wear and the wear scars seen in the experiment. 

 

Zhao et al. (2008) combined wear and creep analysis in a MoP FEM computer 

model, for the prediction of knee arthroplasty damage in an AMTI knee simulator. 

The waveforms for motions and loading prescribed in the model were measured 

from experiments with an AMTI knee simulator. The wear coefficient of 2.59 × 10 
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−10 mm3 N−1 mm−1 used was obtained from pin-on-disc (POD) tests. The results 

show a good correlation with experiments. 

 

Fregly et al. (2005) carried out computational studies of MoP Total Knee 

Arthroplasties and compared the results with the wear observed on retrieved 

implants. The multibody dynamic models simulated two activities, normal walking 

gait and stair climbing, with two loading conditions: 70% load pressure on medial 

and 30% load pressure on the lateral knee, and 50% load pressure each on medial 

and lateral compartments. Overall, the predicted wear damage was in close 

agreement with that observed on the retrieved samples. Predicted maximum damage 

depths were also consistent between simulation and retrievals. 

 

Pal et al. (2008) developed a probabilistic wear prediction model incorporating 

uncertainty in component alignment, constraints and environmental conditions. 

Computational predictions were compared with experimental results from a knee 

simulator and the most significant parameters affecting predicted wear performance 

during simulated gait were identified. The study utilized a previously verified 

Archard’s law wear model by incorporating knee kinematics and loading to 

generate contact pressure at each local contact node during gait. Predicted wear was 

in reasonable agreement with experimental results, with a maximum difference 

between them of 11.6% at 5 million cycles. 

 

Netter et al. (2015b) used a computational model for predicting wear in HXLPE in 

Unicompartmental Knee Arthroplasty (UKA), in vitro and under diverse 
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conditions. The predicted UKA wear was again very close to the experimental wear 

as measured in an AMTI knee wear simulator. 

 

There are many other similar published works on wear predictions in MoP knee 

implants using Archard’s law; see, for example, D’Lima et al. (2016), Innocenti et 

al. (2014), and Willing & Kim (2009). 

 

The above discussion is concerned mainly with the many computational models of 

the MoP configuration. There are also studies which use Archard’s law to analyse 

wear with other material configurations. For example, Arjmandi et al. (2017) 

examined a 3D woven material, developed to use as an arthroplasty for cartilage. 

The wear coefficient used in the computer model to predict wear depth was obtained 

from a pin-on-disc (POD) experiment configuration with the disc being of the 3D 

woven material. The experiment was conducted using a six-station OrthoPOD wear 

simulator machine, and the wear coefficient was assigned in a unit cell of 3D woven 

fabric material. The FEA model was solved in Abaqus using a UMESHMOTION 

subroutine to incorporate Archard’s law. The wear depth predictions reported were 

slightly higher than the experimental results,  with maximum finite element 

prediction error of 17.87%. 

 

Liu et al. (2008) developed a computational wear model based on Archard’s law, to 

predict wear on MoM hip resurfacing prostheses. They performed a short-term 

experiment using a hip simulator to determine the wear coefficient. The 

computational study then predicts further extended long-term wear evaluation until 

50 million cycles.  They obtained maximum penetration of 6 to 8  wear depth 
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and reported a good correlation with experimental data in terms of wear volumes 

and scar geometry. 

 

Kang et al. (2008) observed the effect of multi-directional cross-shear CS motion 

and contact pressure on UHMWPE wear. The wear coefficient was determined 

experimentally from multi-directional POD physical wear tests under a contact 

pressure of 1 MPa. A computational wear model was developed which incorporates 

the effects of CS as well as the load and sliding distance as imposed on a MoP hip 

joint arthroplasty. The gait prescribed in the computer model was as in a hip joint 

simulator. Comparisons of linear and volumetric wear were made between the 

model and hip simulator testing for a UHMWPE cup of 28 mm diameter and an 

HXLPE cup. The difference between the in-silico model and experimental 

volumetric wear was approximately 30%, but the worn areas between the in-silico 

and physical experiments were closer. For the HXLPE, the difference was closer, 

at 16%. In both cases, the computational model predicted a lower wear rate than the 

experimental simulator testing. However, as mentioned, the wear coefficient used 

in the computational model was taken from a POD test, and therefore a constant 

load case. This might have underestimated the dynamic effect due to the variation 

of load in the hip joint simulator. 

 

Hamilton et al. (2005) developed a computational model to predict the severity of 

cross-shear effects experienced by UHMWPE under sliding conditions for MoP 

contacts in TKA implants. They employed a statistical model to evaluate the 

distribution of sliding. The model prescribed patient specific kinematics for gait and 

stair-rise activities collected using X-ray fluoroscopy. They observed cross-shear 
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effects in the lateral compartments for both gait and stair-rise activities. The area of 

cross-shear intensity was also similar to the maximum area of wear.  

 

Knight et al. (2005) also included cross-shear in computational studies, by 

simulating multidirectional POD tests and comparing the results to experimental 

data.  A POD test with a MoP configuration experiment was performed, with input 

kinematics of 60 mm stroke length and +/- 60o rotation. The load applied to the pin 

was 160 N, equivalent to a contact pressure of 3.18 MPa. The computational 

prediction adopted the 2nd generation of Archard’s law and applied the same 

configuration as in the experiment. The wear predictions showed that a model 

prediction using a cross-shear model are 90% in agreement with experimental 

results. 

 

Liu et al. (2011) proposed a new wear law based on wear volume being proportional 

to sliding distance and contact area as described in section 2.10.2 (Eqns. 2.4-2.6). 

The new wear formulation was used for a MoP hip joint simulator prescribed with 

full hip kinematics to evaluate the effects of hip implant head size on wear 

generation. Generally, the predicted wear rate from this new formulation increased 

as compared to previous computational models adopting the Archards’s Law, with 

an improved agreement with the hip simulator experiment. The output from this 

study showed that wear in the UHMWPE hip joints increased as head size and 

contact area increased and is consistent with clinical observations. 

 

Liu et al. (2012) investigated the effect of bearing clearance on MoP wear in hip 

arthroplasties for different femoral head diameters. A parametric study was 
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conducted using a computational model. The predicted wear rate was observed to 

decrease twofold by increasing the bearing clearance from 0.02 mm to 0.35 mm. A 

larger diameter bearing generally resulted in a higher wear rate. In this study the 

numerical predictions were comparable with wear rates in experimental results from 

hip simulator tests. 

  

Liu et al. (2013) studied the effect of motion inputs on the wear prediction of MoP 

artificial hip joints. Full simulated walking gait based on ISO standard motion and 

a simplified ProSim hip simulator motion were prescribed. Both models generated 

a comparable multidirectional motion as in the natural hip. The predicted wear 

volumes were 13% (ProSim simulator) and 4% (ISO motion) lower than those in 

the experiment. The maximum penetration was almost the same, and the areas of 

the wear depth distribution were 13% (ProSim simulator) and 7% (ISO motion) 

lower as compared with the experiment. Generally, the predicted wear volume and 

maximum penetration were comparable and showed a good corroboration to the 

experiment.  

 

Abdelgaied et al. (2011) developed computational wear models for different 

variations of knee implant incorporating the alternative wear law discussed in 

section 2.10.2; predicted volumetric wear was compared with that from a knee wear 

simulator. The models were run under two different kinematic inputs and two 

different insert designs (curved and flat). The output showed that the models could 

predict the differences between volumetric wear and wear patterns observed 

between both insert designs and two different kinematic inputs. The good 

agreement observed between the computational and experimental results regarding 
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volumetric wear rates and wear area distributions suggests that the alternative wear 

law used in computational modelling can lead to reliable models. 

 

Abdelgaied et al. (2018) studied and developed a comprehensive combined 

experimental and computational framework for pre-clinical wear simulation for a 

MoP configuration in TKA. The loading and kinematics prescribed were as in a 

knee simulator. Wear predictions from the computational wear simulation were 

validated against direct experimental wear measurements from the knee simulator 

under three different daily activities/kinematics: walking, deep squat and stairs 

ascending. The computational prediction for volumetric wear for the TKA was 

consistent with the independent full TKA experimental wear simulation 

measurements, with a coefficient of determination R2 = 0.94. 

 

Strickland et al. (2011) conducted a probabilistic study to demonstrate the 

variability and robustness of wear prediction theory. A deterministic computational 

model of an AMTI knee simulator under displacement-control was developed, to 

relate the in vitro kinetic performance to that of in silico models, to acquire more 

substantiation for mechanical modelling. Kinematic and kinetic data were collected 

from multi-station wear tests with nominally equivalent test conditions. All tests 

used a four-axis, six-station knee wear simulator. In an initial step, the experimental 

data from more than 100 samples were evaluated by a probabilistic computational 

model to encounter the stochastic variation of the samples. Theoretical wear 

predictions were compared to the reported wear experiment. Classical Archard’s 

law, the 2nd generation of Archard’s law and the alternative wear law were 

examined. The outcomes showed good agreement for the wear rate. However, the 
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distribution of wear over the contact surface was not well predicted by classical 

Archard’s law and the 2nd generation of Archard’s law, the alternative wear law 

showing better results in term of wear distribution. 

 

From the above brief review, it can be seen that a number of different wear models 

have been proposed and used, and which have been validated with physical 

experiment. Most of the studies use Archard’s law, and most studies have found the 

predicted results in a good agreement with those from full-scale physical knee 

simulator experiments. However, debates over the theories in relation to sliding 

distance, contact pressure and non-linearity are as yet unresolved with no certainty 

as to which one theory is the best to use in any given context. Also, the science of 

wear is not yet completely understood, and there is still room for improvements. In 

conclusion, the still widely-used classical Archard’s law is a good candidate for 

wear models today, being relatively straightforward to implement and less 

complicated than other approaches and showing good modelling predictive 

capability. More complex wear theories could be used as a further refinement of 

this basic model where warranted. 

 

2.12 Summary 

In this chapter, several issues relevant to the modelling and prediction of implant 

performance have been discussed. These include some basic knowledge of knee 

anatomy, knee biomechanics and knee implants, including a brief history of their 

development from the early concepts through to the conventional implants used 

today. Typical implants materials and their combinations as used in implants have 

also been reviewed. 
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Next was discussed some fundamentals of the phenomenon of wear, together with 

some mathematical models used to describe wear, including Archard’s law. This 

was followed by a discussion of computational models used to predict wear and 

their effectiveness in making good predictions. 

 

One of the conclusions of this review is that the Archard’s law wear equation will 

be employed in this study (in the following chapters). It was found to be a robust 

and reliable wear model for estimating wear volume. The numerous studies quoted 

showed that Archard’s law works well when compared to physical experimental 

testing. 

 

In the next chapter will be discussed the development of an EAKP implant.  
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Chapter	3		

Development	of	Assemblage	

Design		
The development of the Externally Articulated Knee Prosthesis (EAKP) design is 

covered in this chapter. Before proceeding to the EAKP design, new knee designs 

and procedures for dealing with, in particular, early-onset osteoarthritis, are 

reviewed and discussed. Then the components of the EAKP are described and 

explained. Some brief discussion is also given on the surgical requirements and 

attachment methods for the prosthesis.  

 

3.1 New Approaches to treating Osteoarthritis 

As discussed in the previous chapter, knee joint treatment for osteoarthritis (OA) 

has undergone decades of continuous improvement. Total Knee Arthroplasty 

(TKA) has proved to be the most successful procedure for providing knee function 

and improving the quality of life. However, the TKA patient demographic profile 

has changed over recent years. The second Annual Report of American Joint 

Arthroplasty surgery reported that the average age for a TKA procedure in the USA 
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in 2014 was 66.1 as shown in Figure 3.1. From this data, it can be seen that there is 

a demand for approaches to knee treatment other than TKA procedures for patients 

younger than 65 years old. Young patients below 60 are more active than older 

patients and are demanding to return to high-performance activity. It is a great 

challenge to the orthopaedic scientist to offer optimal, reliable implants for the 

young patient.   

 

 

Figure 3.1: Age distribution of TKA (N=128,880) and mean age 66.1 years 

(AJRR Annual Reports 2014, 2015) 

 

Nowadays, with the possibilities brought about by technology advancements, 

orthopaedic engineers are looking into new designs and approaches to manage 

osteoarthritis pain, without sacrificing the knee joint, with small-incision 

procedures, speedy recovery and not limiting active lifestyles or compromising 

future surgery. These ideas are potentially appealing to younger adults, as compared 

to the irreversible TKA.  At this time, there are two such techniques which can 

currently be offered as treatment. The concepts are not particularly new, but rather 
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have evolved as new-development implant designs based on older concepts: 

Interposition and Knee Distraction. 

 

3.2 Interpositional 

The idea behind the interposition implant was to manage pain without sacrificing 

knee bone and to delay the TKA procedure until later. Three products are available: 

Unispacer, iForma and NUsurface, Figure 3.2 (Van der Merwe, 2016). 

 

 

Figure 3.2: a) Unispacer, b) iForma, c) NUsurface and d) X-ray fluoroscopy 

showing the interposition implant in the knee (Arrhythmia Research Technology, 

2007; Bailie et al., 2008) 

 

The first interpositional implant device was the Unispacer. The design intention is 

to restore knee alignment as well as reducing pain and improving knee function. 

Based on the clinical guideline on osteoarthritis arthroplasty treatment issued in 

December 2008 by the American Academy Orthopedic Surgeon (AAOS) and 

Australian Joint Arthroplasty, it has been suggested that the Unispacer free 

translational interposition implant should not be used in the osteoarthritic knee 
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(Sisto and Mitchell, 2005). The idea of improving function without sacrificing the 

knee compartment requires alternative measures, as discussed below. 

 

The second device is iForma, a patient-specific design based on MRI scans using 

three-dimensional Computer Aided Design (CAD) software. It is designed to locate 

in between the femur articulating surfaces and the tibia plateau, without fixation. 

However, despite the simple mechanism design of the implant and its tendency to 

relieve knee pain and preserve the joints, some of the clinical results have been 

disappointing. For example, in a specific study of 37 implanted patients, after 

twenty-six months of follow-up there were no excellent result scores (ten were 

good, fifteen were fair, and twelve were poor results); half of the poor results were 

due to dislocation of the UniSpacer in the knee and all twelve knees were revised 

to total knee arthroplasty (Sisto and Mitchell, 2005).  

 

The third device is NUsurface; this device is intended to function as a meniscus. 

However, it is still under medical trials, and there is as yet no evidence on clinical 

effectiveness (Parker, 2016). 

 

3.3 Distraction 

A new approach being explored to manage OA is to distract the knee joint. A one-

year pilot study was carried out on the distraction concept in 2011 (Intema et al., 

2011). 

 

Knee Joint Distraction (KJD) is a surgical procedure where the tibiofemoral 

surfaces are separated to a certain extent. The idea is to reduce excessive mechanical 
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load through the tibiofemoral contact, based on an understanding of the relationship 

between mechanical stimulus and knee OA (see next section).  From this concept, 

a few different devices have been designed, and fundamental and clinical 

experiments have been carried out some such as the Monotube Triax and the 

KineSpring®. 

 

3.4 Mechanical effect 

Persuasive evidence of mechanical loading causation of osteoarthritis has been 

found by analyzing the relationship between subject occupational background and 

the joints affected by osteoarthritis. For example, Felson (2013) reported there is 

evidence which clearly associates mechanical loading of cartilage with 

osteoarthritis initiation and progression. He discovered that subjects who worked as 

cotton workers are prone to get osteoarthritis in finger joints, subjects who work as 

jackhammer operators are more likely to have osteoarthritis in elbow and wrist 

joints, while farmers have a high incidence in hips and knees.  

 

Studies of Ogata et al. (1977) on animals have also shown that osteoarthritis 

progression is accelerated when excessive knee loading is induced. In another study, 

rabbit tibiofemoral joints were subjected to increased compressive loading from 

0%, 50% and 80% of body weight (BW) for 12 hours per day for 12 and 24 weeks; 

the results showed a progressive degeneration of cartilage in proportion to the 

applied load (Roemhildt et al., 2012). 

 



 
 

60 
 

A few studies showed that when the cartilage is unloaded, the progression of 

osteoarthritis might be delayed or even reversed (Deie et al., 2007; Fujisawa et al., 

1979; Lafeber et al., 2006).  

 

High tibial osteotomy (HTO) is a surgical technique which aims to restore knee 

alignment by transferring weight-bearing forces from the area affected by arthritis 

to a healthy region of the knee (Battaglia and Affatato, 2015). The study by 

Fujisawa et al.(1979), in follow-up research on the effect of HTO on osteoarthritis 

of the knee involving 54 knee joints, reported positive findings of articular surfaces 

repair. It was observed that the surviving cartilage in ulcerated regions initiated the 

repair process. This was because the osteotomy relieved pressure on the medial knee 

compartment by shifting the knee by 30 to 40 percent to the lateral side. The affected 

area was bordered by cartilage. Moreover, it was observed that, after one-half to 

two years, the affected region was entirely covered by membranous and fibrous 

tissues. 

 

A study by Roemhildt et al. (2013) reports the possibility that unloading of the knee 

could be harmful to cartilage; in their study, after inducing load reduction in lateral 

rat knees, articular cartilage was discovered to have degenerated. Considering these 

studies, they show that cartilage needs an appropriate loading in order to preserve 

the cartilage. However, it is quite difficult to quantify the threshold for appropriate 

loading in order to relieve osteoarthritis symptoms (or possibly promote cartilage 

regeneration). This will remain a challenge to orthopaedic engineers in designing a 

device that does not promote further cartilage degeneration. 
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3.4.1 Monotube Triax 

A first KJD treatment was described by Deie et al. (2007). The latest distraction 

device is the Monotube Triax, which consists of two monotube external fixators 

bridging the joints (Intema et al., 2011). The tubes are placed on the medial and 

lateral sides of the knee joint parallel to each other in order create a separation in 

the tibiofemoral joint of around 2 mm, as shown in Figure 3.3.  

 

 

Figure 3.3: Monotube Triax (Wiegant et al., 2013) 

 

After three days, the distraction space is increased to 5 mm. The ends of the tubes 

are fixed to two bones, the distal femur and tibia, by 6 mm self-drilling pins. The 

pins are located far from the knee joint so as not to compromise any arthroplasty 

procedure later on. It allows full weight bearing and the patients are monitored every 

two weeks; they carry out a passive full range of motion with physiotherapy, with 

the temporary monotube removal of around 3 to 4 hours (Intema et al., 2011). The 

patient will wear the monotube for two months. The concept underlying distraction 

is similarly applied in the EAKP, but the EAKP is mounted entirely underneath the 

skin. 
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Two follow-up studies of distraction techniques involving 20 subjects who had 

advanced knee joint osteoarthritis, in which OA progression was evaluated using 

X-ray fluoroscopy and MRI, show positive results. After a 1-year follow-up, X-rays 

showed an increased joint space of from 2.7 to 3.6 mm (P<0.05) while MRI showed 

from 2.4 to 3.0 mm (P<0.001), a significant increase in cartilage thickness and a 

significant decrease in osteoarthritic area from 22 to 5 percent.  

 

Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) is an 

index to assess stiffness and physical function for knee osteoarthritis through a 

questionnaire. Items are summed for all subschema and, the higher the score, the 

worse the pain and stiffness. After a 2-year follow up, the Monotube Triax was 

shown to give an improvement in the WOMAC scale of 74% (P<0.001).  

 

The Visual Analogue Scale (VAS) is a method to measure the intensity or frequency 

of symptoms or pain. It is mostly measured on a horizontal scale, with 100mm as 

the worst it could be and 0 mm representing no pain. For the Monotube Triax, the 

VAS score decreased from 73 to 31 mm (P<0.001), which represents a significant 

reduction in osteoarthritic symptoms (Intema et al., 2011; Wiegant et al., 2013). 

 

3.4.2 KineSpring® 

A new distraction implant known as KineSpring®, similar in ways to the Monotube 

Triax has been designed by Moximed Inc., Hayward, CA, USA, as shown in Figure 

3.4. This implant is intended to reduce knee pain symptoms by reducing medial 

knee joint compartment loading (Van der Merwe, 2016).  
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The early design consisted of three main components: titanium alloy femoral base, 

cobalt chrome alloy load absorber spring and titanium alloy tibial base. It has been 

improved by eliminating the original load spring and replacing it with a shock 

absorber. The absorber is designed to accommodate a 13 kg load during 

compression and passive extension during flexion (Moximed, 2016). The idea is to 

carry an excess of body weight through the absorber during gait stance phase, as in 

Figure 3.4. The femoral and tibial bases are designed to fix to the bone surfaces 

with three screws, without grafting the bone. The absorber is located on the surface 

of the medial collateral ligament (Gabriel et al., 2012).  

 

 

Figure 3.4: KineSpring® (Moximed, 2016) 

 

This device is still in clinical trial, and the initial results are promising and worthy 

of further research. Observation from clinical trials involving 99 subjects implanted 

with KineSpring® in a 17 months follow-up showed success in terms of safety and 

intended result: reduction in joint contact pressure and managing pain in the 

osteoarthritic knee (Moximed Inc., 2008; Moximed Inc., 2009a; Moximed Inc., 
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2009b). In contrast, there was one out of 99 patients who had a device failure seven 

months after the implantation. The patient had sudden pain, and an X-ray 

fluoroscopy revealed breakage of the device mechanism. The device was removed 

completely after two revision surgeries (Citak et al., 2013). In terms of revision, 

from the same study, 6 percent of 99 patients needed a knee revision. Four of them 

had a Total Knee Arthroplasty, and the remainder had high tibial osteotomy 

(London et al., 2013). Other than that, local infection was also reported in the cases 

where one of the patients was hospitalized for 13 days due to infection. (The 

infection wound was caused by prolonged physical activity 6 weeks after the 

KineSpring®  procedure.) The infection resolved with conservative treatment 

(Bowditch et al., 2012; London et al., 2013). 

 

Currently, two clinical trials are undergoing further evaluations, mainly related to 

safety and function effectiveness: NCT01610505 and NCT01738165 (Moximed 

Inc., 2012). Both trials are estimated to be completed in July 2020 and December 

2022 respectively. The outcomes from these clinical trials will gauge the 

effectiveness of the KineSpring®’s performance. The Food and Drug 

Administration does not as yet approve the KineSpring in the USA (NICE, 2014). 

 

3.4.3 External Articular Knee Prosthesis (EAKP) design 

As mentioned in section 3.4, the prevalence of knee OA is correlated with excessive, 

prolonged mechanical stress on the joints. The EAKP was proposed with the 

intention of load sharing between the prosthesis and joint, allowing for some of the 

prolonged load through the joint to be bypassed. A certain propertion of the load 

going through the knee is taken up by the implant, with the remainder going through 
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the cartilage and meniscus as per the natural knee. The proportion transferrred 

through the implant can be varied by varying the precise positioning of the implant 

on the bones. The intention is that the proportion of loading through the implant is 

within the range of 10-75% of the total load through the knee. The initial design 

was made by (Kumar, 2017). The implant is attached to the knee joint without any 

bone resection and with minimal incision surgery. It is positioned under the skin, in 

the knee joint capsule as in Figure 3.5.  The design provides for a full range of 

motion as with the natural knee while maintaining joint physiology, accommodating 

the native tissues around the joint such as ligaments and meniscuses. 

 

 

Figure 3.5: Illustrations of principal components in the EAKP in the knee capsule 

 

With joint unloading, one of the intentions of the EAKP is to reduce cartilage 

degeneration and to possibly promote cartilage growth and healing of the knee joint. 

In the worst case, the EAKP should postpone the day when full knee arthroplasty 

surgery is required. As well as allowing for future surgery (since no bone or tissue 

is sacrificed), the EAKP is also likely to involve less stress shielding effects than 
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conventional implants. As discussed in the previous chapter, this is in contrast to 

currently used implants involving the arthroplasty of native articulating surfaces, 

which invariably do lead to stress shielding effects (Au et al., 2007; Lonner et al., 

2001; Van Lenthe et al., 1997).  As mentioned earlier, the objective of using the 

EAKP is to reduce the amount of stress subjected to the tibio-femoral articulation by 

sharing some of the load between the EAKP and condyle. From this load sharing, and 

load reduction through the condyles/cartilage, it would be expected that joint pain 

would be reduced. If it is not completely free of pain, at least the pain should decrease 

to tolerable levels. On the other hand, by not totally shielding the joint from loads, the 

EAKP could possibly promote cartilage healing. Also, a means of reducing the effect 

of stress shielding is to choose materials for the femoral and tibial plates whose 

stiffnesses are close to that of bone. For example, titanium alloy has a Young’s 

modulus of about five times the stiffness of cortical bone, closer than many other 

metals, and so making such alloys helpful in minimising stress shielding. There are 

some issues with the EAKP which require investigation, for example, the effect of 

the possible soft tissue and ligament rubbing against the implant, and the general 

changes to the homeostatic body state, which might trigger local tissue damage and 

cell necrosis (Pajarinen et al., 2014). These and other aspects outside the scope of 

this work will be discussed in Chapter 8. 

 

3.5 EAKP Components  

The EAKP implant comes with three main components: femoral plate, tibia plate 

and the articulating layers where sliding contact between the femur and tibia plates 

take place, as shown in Figure 3.6., Figure 3.7 and Figure 3.8. The femoral plate is 

designed to wrap around most of the medial femur epicondyle, or the lateral femur 
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epicondyle, or both compartments of the knee. This plate acts as a load transfer 

medium from the distal femur to the proximal tibia. Moreover, the plate is designed 

with a small insert/clip to accommodate the collateral ligament. Note that there is a 

possibility of soft tissue irritation due to the EAKP rubbing against surrounding 

ligamentous structures. However, a very fine surface finish to the EAKP 

components should minimize any irritation. 

 

 

Figure 3.6: EAKP implant by parts 
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Figure 3.7: Main components in EAKP 

 

 

Figure 3.8: EAKP parts in exploded view 
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3.5.1 Femoral plate 

As mentioned earlier, this femoral plate has a curved shape designed to conform to 

the medial or lateral femur epicondyle surface. Through scanning of the joint, the 

plate can be readily formed to conform to the particular epicondyle. This 

conformation helps minimise the extent of the implant and helps load distribution. 

The femoral plate needs to be secured firmly because the femur contact will roll and 

glide on articulating components to facilitate the full range of motion. 

 

The femoral plate is designed with three surfaces; deep surface (the surface closest 

to bone), superficial surface (not adjacent to the bone) and an articulation surface 

as shown in Figure 3.9. The surface roughness for all faces should be very low 

(brought about by polishing) to avoid irritation of neighbouring soft tissues and 

ligaments and maintain low friction when moving. The thickness varies over the 

plate; it is thinner at the top (around 1mm), with the gradient increasing to about 6 

mm in the region of the articulation surfaces. The larger thickness at the articulating 

surfaces is to provide a more significant area to manage load transfer during 

locomotion. On the other hand, a constant large thickness of 6mm everywhere 

would not be appropriate; the femoral plate is fitted into the natural space available 

between the MCL or LCL and the medial or lateral epicondyle, which has gradients 

in available space, with thinner regions on the top and broader closer to the bottom. 

If the thickness were a consistent 6 mm, the MCL and LCL would stretch and might 

lead to ligament tearing and injuries. Also, an optimal thickness and thickness 

variation could be chosen so as to minimise any stress shielding effects and bone 

resorption around the implant. Comprehensive studies into this issue could be 

carried out later, but is not in the scope of the current work. 
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As shown in Figure 3.9, the femoral plate is designed with some holes. The most 

significant hole is made available to accommodate the medial collateral ligament 

(MCL) in the medial femoral plate and lateral collateral ligament (LCL) for the 

lateral femoral plate; it is termed here the MCL/LCL collateral ligament 

passageway, as in Figure 3.9. This hole is also used as a datum position for the 

femoral plate placement in the joint during surgery. On top of the hole, there is a 

small clip which works as an entrance for the ligaments so that there is no need to 

cut the ligaments during the surgical procedure. The clip can be taken out during 

insertion and secured after the implant placement is perfect. A small screw can be 

used to secure the clip. There will be a small gap between the clip and remaining 

plate, and so there is the possibility that crevice corrosion will occur there. This 

possibility should be monitored and further studies into this aspect may need to be 

done in future.  The other holes are used to reduce the material usage and weight 

without compromising the strength of the femoral plate. Furthermore, the holes may 

allow for tissue growth around the plate and provide access to nutrition 

transportation to the bone, helping the joint to maintain its natural physiological 

environment. 
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Figure 3.9: Femoral plate and surfaces 

 

The material used for the femoral plate would be a non-inert biomaterial; 

conventional materials for knee implant which has enough strength and stiffness to 

bear the expected mechanical stress. The most common materials used for this 

purpose are stainless steel and titanium. In most cases, titanium is preferable 

because its Young’s modulus is closer to that of bone, which reduces the stress 

shielding effect in the implanted femoral plate. 

 

The femoral plate was generated in CAD software (Solid Works 2015) using a 

combination of a 3D sketch, 3D sketch extruded, 3D sketch wireframe, lofting deep 

surface and lofting superficial surface. First, a 3D sketch is drawn based on the 

medial epicondyle bone surfaces as a reference, which forms a rough shape for the 

femoral plate, using the extruded CAD command, as in Figure 3.10(a). A lofting 

deep surface is next created by the combination of 3D sketch wireframes which are 

drawn exactly to follow the epicondyle contour. After that, the rough shape of the 
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femoral plate is shaped by the lofting deep surface using the surface cut command, 

as in Figure 3.10(b).  

 

Figure 3.10: (a) 3D sketch on epicondyle then the 3D sketch extruded, (b) Lofting 

deep surface created from 3D sketch wireframe, (c) Lofting superficial surface 

created by copying the lofting deep surface, and (d) 3D sketch on femoral plate 

deep surface to form holes by the extruded cut 

 

The lofting technique allowed for the development of a complex 3D sketch 

geometry based on a geometry guide. The superficial surface of the femoral plate is 

shaped using the lofting superficial surface, which is copied and translated from the 

lofting deep surface as in Figure 3.10(c). By manipulating the translation and 

rotation of the lofting superficial surface, the thickness of the plate can be defined 

as desired. The holes are created by 3D sketches on the femoral plate deep surface, 

then using extruded cuts executed from the sketch through the femoral plate, thus 

making the holes available as in Figure 3.10(d). 



 
 

73 
 

 

3.5.2 Articulating region 

The articulating region of the prosthesis consists of two parts: femoral articulating 

layers and tibia articulating layer as shown in Figure 3.11.  

 

 

Figure 3.11: Articulating layers 

 

The femoral articulating layers consist of two layers as illustrated in Figure 3.11. 

The first femoral articulating layer (green colour) is meant to act as a damper and 

shock absorber. The second femoral articulating layer (grey colour) acts as a bearing 

roller for the joint. The femoral articulating layers are attached to the end of the 

distal femoral plate and the tibia articulating layer which is attached to the end of 

the proximal tibia plate. Note: the particulars of the damping and shock absorber 

layers are not being investigated in this study. Wear at the contacting articulating 

surface area is the focus of this study. 

 

The femoral and tibial articulating layers slide on each other as in Figure 3.12. The 

shape and profile of these articulating surfaces is a crucial aspect of the prosthesis, 

which determines its effective motion. To provide for natural knee kinematics, the 
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femoral articulating surface region is designed to mimic the femoral articular 

condyle surfaces and conform to the tibia articulating layer. 

 

 

Figure 3.12: The articulating layers sliding on each other in three different 

positions of knee flexion; left: standing position, middle: the position in between 

standing and maximum flexion, right: maximum flexion  

 

3.5.3 Femoral articulating layers 

The femoral articulating layers are designed based on the outer border of the medial 

or lateral native articulating surfaces as in Figure 3.14. The second femoral 

articulating layer surface area is wider (about 8mm) anteriorly than posteriorly 

(about 4mm) as shown in Figure 3.13(a) and Figure 3.13(b), to manage best the 

rotational movement and translational movement during flexion-extension. The 

width at the anterior is larger than posterior to accommodate more force during 

standing. The thickness of the femoral articulating layer should be sufficient to 

withstand the load and working environment (Cheong, 2012). The thickness of the 

second femoral articulating layer should be approximately 2mm to 3mm as shown 

in Figure 3.13(c). The length can be varied depending on patient bone dimensions.  
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Figure 3.13: Dimensions of the second femoral articulating layer, (a) Second 

femoral articulating layer with articulating surface area highlighted in blue, (b) 

Posterior and anterior width of the second articulating layer, (c) all dimensions for 

the second articulating layer, and (d) thickness of the second articulating layer 

 

Materials suitable for use in the first layer (green colour) would be  ultra-high 

molecular weight polyethylene (UHMWPE) as it has desirable damping properties. 

The second layer of the femoral articulating layer (grey colour) would consist of 

those biomaterials with very low wear coefficients such as cobalt chromium or a 

ceramic material such as zirconium, to accommodate the cycles of rolling, gliding 

and sliding during locomotion. 

The femoral articulating layers are generated from a 3D sketch of the outer border 

of the condyle. The 3D sketch is then extruded into a surface layer as in Figure 

3.14(a). To form a rough solid femoral articulating geometry, the extruded surface 

is thickened to the desired thickness, from 2 to 3 mm as in Figure 3.14(b). 
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Figure 3.14: (a) 3D sketch (blue line) on condyle extruded to form surface layer, 

(b) the surface layer is thickened, (c) Lofting deep surface (yellowish surface) use 

to shape the thickened surface, and (d) Lofting superficial femoral plate is used to 

shape the femoral articulating layer 

 

After that, the rough femoral articulating geometry is shaped into the intended 

femoral articulating layers by shaping with lofting deep surface and lofting 

superficial surface using a surface cut command as in Figure 3.14(c) and Figure 

3.14(d). The shaping process is done at the same time as creating the femoral plate. 

The femoral articulating surface is made to coincide with the femoral plate 

superficial surface, to ensure that no sharp edges are exposed to the native knee joint 

components. 

 



 
 

77 
 

3.5.4 Tibia articulating layer 

The tibia articulating layer is designed to locate in between the second femoral 

articulating layer and tibia plate as shown in Figure 3.15. The surface contact width 

is 5 mm with a length of around 27 mm to accommodate the deep flexion, sliding, 

and rotation of the natural knee movement, as illustrated in Figure 3.16. The 

thickness of the tibia articulating layer is approximately 4 to 5 mm. 

 

 

Figure 3.15: Tibia articulating layer and tibia plate attached to the tibia bone, with 

dimensions shown for tibia articulating layer 

 

The material selected for the tibia articulation is Ultra High Molecular Weight 

Polyethylene (UHMWPE). This material’s properties allow it to absorb some of the 

load transferred through the implant. Further, as discussed in the previous chapter, 

UHMWPE is known for its excellent resistance to corrosion and abrasion and 

sliding wear with a very low coefficient of friction of less than 0.1 (Ali et al., 2015). 

UHMWPE is also a popular choice in conventional knee arthroplasties (Kurtz, 

2009). 
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Figure 3.16: The surface contact of the articulating region can accommodate deep 

flexion (two different views) 

 

The tibia articulating layer is drawn using a similar development procedure as for 

the femoral articulating layer, using the 3D sketch, extruded solid and surface cut 

commands. 

 

3.5.5 Tibia plate 

The tibia plate is designed to conform to the medial/lateral side, at the end of the 

proximal tibia bone, as in Figure 3.10.  The tibia plate is developed with the same 

features as the femoral plate: roughness properties and the placement of holes with 

the same intention as discussed above in relation to the femoral plate. The main 

difference here is that the collateral ligaments do not go through the tibia plate. The 

tibia plate is wrapped around the anteromedial/anterolateral side, at the end of the 

proximal tibia bone, while the medial/lateral collateral ligament is located just 

outside the tibia plate. It is mounting to the edge side of the tibia bone posteriorly. 

As with the femoral plate, materials suitable for the tibia plate would include 

stainless steel and titanium. 
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The tibia plate development procedure is similar to that for the femoral plate. 

Several 3D sketches are sketched on the anteromedial or anterolateral edge of the 

proximal tibia bone end to develop a lofting part which becomes the main tibia 

component body, as in Figure 3.17(a). Then another 3D sketch is sketched on a 

rougher lofting part to create the tibia plate shape. After that, the surface cut 

command is used to cut the tibia articulating surface to the intended thickness, as in 

Figure 3.17(b). In order to generate the holes on the plate, again several circles are 

sketched on a plane normal to the tibia plate surface, and the holes are generated 

through extrusion, as in Figure 3.17(c). 

 

 

Figure 3.17: Construction of the tibia plate: (a) 3D sketch on anteromedial surface 

of proximal tibia, then a lofting is generated, (b) 3D sketch to create tibia plate 

shape, then extrusion to form solid geometry, then a surface used to perform a 

surface cut to reshape the tibia plate to its intended thickness (c) Several circles 

are sketched on a plane normal to the created tibia surface, then extruded to 

generate holes 

 

All the edges of the components are filleted with 0.5mm radii to remove possible 

high-stress concentrators and to avoid sharp edges which might cut the soft tissues 

and rub the skin. 
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3.5.6 Contact surface design 

Contact surface design plays an essential role in providing the flexibility and range 

of motion required of the joint. This is because the contact must accommodate the 

contacting pressure while also rolling, sliding and rotating. A few different designs 

were examined for this project.  Figure 3.18 shows three different designs 

incorporated into the contact assemblage. In Figure 3.18a, the femur articulating 

layer is designed to have a groove and the tibia articulating layer is designed into a 

half cylinder. The groove provides a locking mechanism during standing, and the 

grove also helps prevent slippage of one contact surface off the other. However, a 

drawback of this design is that, during flexion, the knee joint experiences internal 

and external rotation which may cause slip-off and the joint having difficulties in 

returning to its original position. Also, the half-cylinder contact induces a pressure 

concentration on the femur articulating contact, which might shorten the lifespan of 

the assemblage. 

 

In Figure 3.18b, the femoral articulating layer is designed similarly to the concept 

shown in Figure 3.18a, except that in the tibia articulating component, the geometry 

is designed to have a small protuberance with two spaces on the edge of each side 

along the tibial component. The two spaces are considered to give more stability 

during standing. However, this design does not provide smooth movement during 

flexion and rotation.  

The final concept considered is where both the femoral and tibial articulating 

surfaces are designed to be flat (as in Figure 3.18c). This gives a broader surface 

contact to withstand the load sharing between the natural knee and articulating 

surface. The larger the contact area, the better the load distribution, with lower peak 
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contact pressures. Other than that, this concept also has the advantage of allowing 

repositioning of the articulating assemblage during flexion and rotation. However, 

care must be taken to ensure that one surface does not slip completely off the other. 

 

 

Figure 3.18: Designs for the articulating layer (a) a groove on the femoral surface 

and a half cylinder on the tibia articulating layer, (b) a groove on the femoral 

surface with a small bump on the tibia, and (c) flat femoral and tibial component 

surfaces (the red articulating surface belongs to the femur, and the tibial 

component is shown in pink) 

 

3.6 Fastening Method 

The EAKP must be attached to the femur and tibia bone using fasteners (pins or 

screws) to secure the components.  Triangular holes are provided on the EAKP tibia 

and femur components to accommodate such fixation as shown in Figure 3.19.  In 

the early stages of development of the EAKP, it was proposed that the EAKP plates 
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be attached to the bones with triangular pins, possibly with a long “hook” at its tip 

to enhance fastening. Such a pin would be easy to hammer into the bone. Stress 

concentrations may arise at the triangle vertices, so these should be filleted in 

practice if used.  

 

Figure 3. 19: Triangular holes provided for fixators to bind the EAKP to the 

media/lateral femur and tibia bones 

 

Although the subject of the fastening methodology and bone remodelling in relation 

to the EAKP prosthesis is a broad topic in itself and outside the scope of the present 

work, it is worth mentioning here that Jayasankar et al. (2015) studied the effect of 

different fasteners for plates and EAKP-type devices through finite element analysis 

and experimental testing. The strength of the fixation was evaluated by examining 

strain energy density and bone remodelling effects, with higher strain energy 

density encouraging fixator osteointegration. Three different shapes of fixator were 

examined: circular, triangular and square as shown in Figure 3.20. Dimensions are 

listed in table 3.1. Based on the femur and tibia bone cross-section extents (66 mm 

to 70 mm) the fixator lengths were chosen to be up to 20 mm to avoid the 

intersection of medial fixators with the lateral fixators (in the case where a patient 

receives both the medial and lateral EAKP).   
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1mm chamfers at an angle of 70⁰	were	introduced	at	the	end of the fixators to trim 

the sharp edges which would otherwise cause high-stress concentrations there. The 

material recommended for the fixators was stainless steel because of the shear 

properties. From the studies, it was tentatively concluded that a triangular shape 

should promote higher bone formation as compared to the other designs. However, 

to make such a study conclusive, a proper animal study would have to be conducted, 

which would show up any desirable bone in-growth. 

 

 

Figure 3.20: Three different fixators for plates and EAKP-type implants; Triangle, 

square and circular (Jayasankar et al., 2015) 

 

Table 3.1: Dimensions of pegs 

Peg The diameter of the inscribed circle (mm) 

Square 1.76 

Triangle 2.50 

Circle 4 

 

3.7 Implantation Method 

Before surgery, some preparation needs to be done to make sure of a successful and 

smooth operation. Since human bone topography is unique, differently sized 
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prostheses are required for different patients. One option is to design and 

manufacture a set of prostheses of different sizes, from which one can be chosen 

for a specific patient. However, custom-made EAKP components are preferable as 

they will ensure all components fit and conform to the bone surfaces as intended. 

To this end, the size and shape of the required EAKP components suitable for the 

specific patient can be determined through a non-invasive imaging procedure such 

as Computerized Axial Tomography (CT) scan or Magnetic Resonance Imaging 

(MRI). 

 

During surgery, the patient is given a general anaesthesia sedative. The patient lies 

down horizontally with the body trunk facing up. The operation proceeds with a 

compression device used to control arterial and venous blood flow. An incision of 

around 10 to 15 cm  is made to the skin and soft tissue at the medial or lateral sides 

to allow insertion of the EAKP into the medial/lateral knee capsule. The soft tissue 

covering the distal femur and proximal tibia is removed to make room for the 

femoral and tibial components so that they make proper contact with the bone 

surfaces. The femoral component is placed onto the femur with the medial/lateral 

condyle outer border acting as an assembly reference. The tip of the second femoral 

articulating layer should be aligned to the edge of the medial/lateral distal femur 

bone. During the surgery, this position can be located through the help of X-ray 

radiography, which can aid the surgeon in determining the position visually. Once 

the femoral component position is confirmed, the assemblage can be secured 

temporarily with a Kirschner wire. 
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The next component to be inserted is the tibial component. It is placed against the 

tibia using the femoral component as a guide. The tibial component is positioned 

by employing a desired clinical preload to the knee joint. The preload is an indicator 

of the amount of load shared to the EAKP. The surgeon would push slowly against 

the patient’s foot to obtain the desired pressure.  A pressure sensor can be placed in 

between the femoral condyle and tibial plateau to measure the desired pressure. 

After the tibia component position is confirmed, it is secured temporarily with 

Kirschner wires. The position can be examined using image intensifier fluoroscopy 

during surgery, and the anterior-posterior view can be checked for the position of 

the implant. When everything is in place, a triangular fixator is inserted to secure 

the tibia and femoral components. The temporary Kirschner wires can then be 

removed. 

 

3.8 Key Highlights of the EAKP implant 

The novel aspects of the EAKP implant can be summarised as: (1) no components 

of the knee are sacrificed, (2) the implant reduces the stress going through the knee 

joint, (3) the amount of stress through the joint can be controlled by positioning of 

the implant, (4) the surgery required to attach the implant is not major, (5) the 

implant can be easily removed. 

 

3.9 Summary 

In this chapter, development of the EAKP design (from the initial design concept 

of Kumar (2017)) was discussed, including the design concepts, design 

considerations and functional importance of each component. The main concept of 

the EAKP is to avoid major incision/surgery and resection and maintaining all 
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ligaments intact. The intention of the EAKP is to reduce knee pain by reducing the 

loading burden on the knee contact through a distraction method. 

 

The contact articulating surfaces are considered as bearing surfaces and are 

discussed in terms of their design feasibility. Also, a brief discussion of the surgical 

protocol for implantation of the EAKP is given. 
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Chapter	4		

FEA	Wear	Methodology	
The previous chapter discussed EAKP model development. In this chapter, the 

development of finite element computational models for evaluation of wear in the 

EAKP is discussed and evaluated. Generic finite element analysis (FEA) of wear is 

also discussed throughout the chapter. A number of methods on wear generation 

using FEA by previous researchers are also reviewed. A description is also given of 

the appropriate user wear subroutines to use to evaluate wear in the Abaqus FEA 

software. 

 

4.1 The Finite Element Method (FEM) 

Finite Element Analysis (FEA) is a computational/numerical method used to solve 

many engineering problems, by solving the various partial differential equations 

governing the mathematical models of those problems. With the advancements in 

computer technology and power, the scale and type of problem amenable to solution 

by FEA have grown. FEA enables engineers to solve problems involving complex 

geometries, loading and material definitions, which are difficult, if not impossible, 

to solve by simple analytical methods. In best practice, FEM is carried out in 
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conjunction with experimental studies, which provide the necessary input variables 

to the computer simulation and also provide a means of validating the computer 

results. In general, FEA can be divided into 3 parts: pre-processing, 

simulation/solving and post-processing. 

 

Pre-processing is the stage where the computational model of the physical problem 

is defined. The model geometry can be developed through Computer Aided Design 

(CAD) software such as Solid Works or CATIA and can then be imported into 

Computer Aided Engineering (CAE) modules such as Abaqus CAE and ANSYS. 

During this modelling stage, all the boundary conditions (on loading and 

displacement) and material properties are prescribed. Once this stage is complete, 

the information is processed into an input file, which is then read by the solver in 

the next stage. 

 

In the Simulation/solver stage, the mathematical equations defining the model are 

solved numerically using a solver such as Abaqus Implicit or Explicit. The user 

must define the type of problem to be solved, e.g. static, dynamic, etc. For wear 

simulations, as used in this project, the Abaqus user needs to specify the method of 

wear to be employed (assumed). Methods not already built-in to the software can 

be defined through user-defined subroutines (written in FORTRAN in Abaqus). 

(The wear strategy adopted for this project will be explained further below in this 

chapter.)  Once the model is solved, the Finite Element solver generates several 

output files for data analysis, which collect the pertinent results for visual display 

and available text output. The three stages of FEA are all incorporated within the 

Abaqus software, as depicted in Figure 4.1. 
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Figure 4.1: Abaqus processing phases (Dassault Systèmes, 2012) 

 

Post-processing takes the generated output data and uses visualisation and graphical 

tools to display the data. The user can also access the data in various text files for 

further manipulation and display in other software, as required.  

 

4.2 Wear modelling with FEA 

In this section will be discussed approaches used in the development of wear models 

using FEA. As well as some general remarks, strategies for updating the computer 

model geometry as wear proceeds will be discussed, including (a) geometry 

updating through surface node movement, and (b) geometry updating with part 

remeshing. 
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As mentioned before, the Pin-on-Disk (POD) experiment is one of the standard test 

procedures used to investigate wear properties of bearing surfaces, in particular, 

those of implant materials and configurations. The test consists of a small pin which 

is made to slide over a flat circular-disk surface, as illustrated in Figure 4.2.  As 

discussed below, and as mentioned previously in Chapter 2, several researchers 

have used this POD test configuration to determine wear coefficients which are then 

used in a FEM computational model; the model is then validated using further POD 

results.  

 

4.2.1 Geometry updating through surface node movement 

Podra and Andersson (1999) ran a series of POD experimental tests and compared 

results with a FEM model of the POD test, using the ANSYS FEA software. They 

compared the experiment with a 2D spherical pin dry sliding in the FEA model. The 

pin is set to slide over a flat surface disc rotating at a uniform speed with constant 

normal force acting on the pin, as shown in Figure 4.2. Both components pin and 

disc are modelled using solid quadrilateral, 4-node elements (PLANE42 elements 

in ANSYS) with two translational degrees of freedom per node. For the contact 

surfaces between pin and disc, a special 2D point-to-surface element (CONTAC48 

in ANSYS) is used. The ANSYS software is used to solve the contact problem by 

updating the coordinates of the contact nodes and generate wear depth with a 

separate postprocessor based on Archard's law. The results obtained showed a 20% 

difference of wear depth between numerical prediction and experiment. 
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Figure 4.2: Podra and Andersson POD test set up (Podra and Andersson, 1999) 

 

 

Figure 4.3: On the left is depicted as a 2D cross-section of the spherical pin while 

on the right is depicted half of the 2D FEM cross-section. The model is set up to 

slide over a flat surface with a constant normal force acting on the pin (Podra and 

Andersson, 1999) 
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4.2.2 Geometry updating with part remeshing  

Hegadekatte et al. (2004) developed a technique to update the geometry and remesh 

the wear component differently to that implemented by Podra and Andersson (1999) 

discussed above. They developed a wear processor routine that works with the 

commercial FE software Abaqus, which computes and integrate local wear over the 

sliding distance using a Euler integration scheme. The geometry is remeshed after 

each sliding distance increment to maintain a good mesh after the mesh deforms 

due to wear, in dry sliding wear in both 2D and a 3D models (Hegadekatte et al., 

2004). The 2D model consists of a circular ring on a flat surface for the counterface. 

The FE models are shown in Figure 4.4. The 3D model incorporates a POD 

tribometer with a round pin experimental assembly as shown in Figure 4.5.  

 

 

Figure 4.4: FE mesh of a circular ring on flat disc: (a) a circular ring at the initial 

computational step and (b) circular ring after deformation (Hegadekatte et al., 

2004) 
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Figure 4.5: Modelling of a spherical steel pin revolving over a steel disc in dry 

sliding contact (Hegadekatte et al., 2004). 

 

In the simulations of Hegadekatte et al. (2004), the wear parameters such as contact 

pressure and sliding distance are calculated by the Abaqus/Standard software at 

each surface contact node, then afterwards the wear depth is estimated in a post-

processor stage using an external solver developed by Hegadekatte et al. (2004), 

which incorporates Archard’s law. The wear processor also monitors the wear depth 

and tests to see whether it has grown large relative to the height of an element at 

that point. If the preset depth limit is reached, then the model is remeshed (otherwise 

it is not). After meshing, the static contact problem is again resolved for the next 

increment, and the simulation continues until the maximum sliding distance Smax is 

reached. The wear depth is prescribed to the contact nodes based on outcomes of 

contact pressure and sliding distance in each iteration. The computational cost in 

this study is very expensive when fine contact elements are used when more 

frequent meshing is required, and more contact equations need to be solved.  
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4.2.2.1 Reduced integration 

Reduced Integration will be used in the FEA models to be described in later 

chapters; this is explained here.  For its numerical evaluations through integration, 

Abaqus in general uses two different strategies: “full” or “reduced” integration. In 

full integration, the number of integration points is sufficient to integrate all 

expressions exactly. In reduced integration, the number of integration points is 

sufficient to integrate exactly the contributions of the strain field that are one order 

less than the order of interpolation; higher-order contributions to the strain field are 

not integrated. The advantage of the reduced integration is that the strains and 

stresses are calculated at the locations that provide optimal accuracy, which can 

speed up the solution and decrease the CPU time. The major drawback of reduced 

integration is that it can admit deformation modes with no straining at the 

integration points, leading to zero-energy modes (Dassault Systèmes, 2012). 

 

4.2.2.2 Enhanced hourglass 

Following on from the discussion on reduced integration, any zero-energy modes 

make for poor elements and cause a phenomenon called “hourglassing”, which 

leads to inaccurate solutions when this propagates through the element mesh. In 

order to avoid excessive deformations, additional artificial stiffness is added to the 

element. This strategy is called hourglass control: a small artificial stiffness is 

associated with the zero-energy deformation modes. This procedure is incorporated 

into many of the solid and shell elements in Abaqus (Dassault Systèmes, 2012). 

 

. 
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4.3 Arbitrary Lagrangian-Eulerian (ALE) Adaptive Meshing  

The Abaqus FEA software provides an inbuilt function which can perform 

automatic mesh smoothing according to user-prescribed node shifting. This inbuilt 

functionality provides the user with a reasonably uncomplicated means of achieving 

good quality meshing and re-meshing. This technique is known as Arbitrary 

Lagrangian-Eulerian (ALE) adaptive meshing. ALE analysis is available in both 

Abaqus/Standard and Abaqus/Explicit. The primary role of ALE adaptive meshing 

is to improve and maintain the mesh quality during large deformations or distortion, 

as can occur in the region of material surfaces in sliding and rolling contact over 

each other. Abaqus/Explicit focuses more on large material deformation whereas 

Abaqus/Standard is more suitable for material ablation. During the simulation, the 

solver first employs a conventional Lagrangian method until the solution converges; 

then it updates in a Eulerian step. In the Lagrangian phase, nodes follow the 

underlying material deformation whereas, in the Eulerian step, nodes can move 

independently. During the mesh updating step, a new mesh must be constructed 

from the original mesh, by adjusting the positions of nodes in the original mesh. 

Two types of node adjustment protocol are used: mesh sweeping and advection. The 

actual procedure of node shifting is done in the mesh sweeping step. Every node 

which is involved in the adaptive mesh procedure is adjusted based on equation 4.1:  

 

	      4.1 

 

where Xi+1 is a new location of an adjusted node, are the locations of the adjacent 

nodes from the previous mesh, and NN are weight functions that are calculated using 

either the original configuration projection algorithm or volume smoothing 
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algorithm, or a combination of both. The original configuration projection 

algorithm repositions nodes by minimizing the distance from a projection of the 

mesh back to its original position; the volume smoothing algorithm determine the 

location of newly adjusted nodes based on a weighted average from the adjacent 

elements. Once the new mesh is generated, the solution variables, e.g. pressures and 

strains, are mapped from the old mesh to the new in a process called advection. 

 

The user can specify the number of mesh sweeps to be carried out at each increment. 

If massive distortion is expected, multiple mesh sweeps can be useful. ALE mesh 

sweeping modifies only the position of the nodes, which means meshing type, 

number, and connectivity of the original elements remain the same. 

 

While ALE adaptive meshing is critical to ensuring a quality mesh and solution, 

another essential component of the solution procedure is a means of communicating 

with the remesher exactly how the geometry deforms, i.e. what the wear and wear 

depth are. This involves implementing the wear law, e.g. Archard’s law, in the 

computational model. In Abaqus FEA, this can be achieved by modifying and 

developing an inbuilt FORTRAN subroutine called UMESHMOTION, which is 

described next.  

 

4.4 UMESHMOTION  

UMESHMOTION (Dassault Systèmes, 2012) is a separate subroutine which gives 

the user the facility to define the magnitude and direction of nodal displacements. 

Usually, the subroutines are executed using a FORTRAN compiler. This 

availability is precisely suited to the user developing wear simulation models 
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involving contacting surfaces. In developing the wear subroutine, the user needs to 

call other inbuilt functions to import information for wear depth calculation such as 

contact pressure and sliding distance (which are calculated by the FEA model at 

each iteration). Upon acquisition of the information, the wear depth can be 

calculated based on an appropriate analytic wear model, such as Archard’s law, and 

nodal displacements can then be specified accordingly. The wear strategy provided 

in Abaqus can be summarised as follows: (1) first create and run a simulation of the 

loaded geometry, (2) import the contact pressure and sliding distance from the 

model results into the UMESHMOTION routine, (3) within the routine, calculate 

the wear depth at each node (using, for example, Eqn. 2.3), using a specified wear 

coefficient, (4) use the routine to specify nodal movements to be performed, based 

on the wear depth. After the use of the routine, the ALE adaptive meshing algorithm 

can be used to adjust the surface nodes and re-mesh. Finally, a new iteration can be 

performed, i.e. the simulation of the loaded geometry is run once again.  

 

Bortoleto et al. (2013) used ALE adaptive meshing in Abaqus in conjunction with 

the FORTRAN UMESHMOTION user subroutine to analyze unlubricated sliding 

wear in a typical POD test using Archard's law. Wear coefficients had first been 

obtained experimentally and implemented into the model. However, computed 

wear volume did not wholly reproduce the experimental results. This distinction 

between computational model and experimental results can be explained by noting 

that real contact surfaces are characterized by the presence of asperities, which 

promote plastic deformation; such asperities were not included in the model. It 

would be advisable to improve the correlation by considering debris formation and 

adhesion effects in the formulation of the model. In addition, wear volume 
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calculated from the computational model was higher than in the experiment due to 

the implementation of an overestimated wear coefficient that include both running-

in and steady-state phases. 

 

Martinez et al. (2012) performed FEA simulations of sliding MoP configurations 

using ALE adaptive meshing, again implementing Archard’s law. The FEA model 

worked well to update the geometry and replicate the wear seen in the test, to an 

accuracy of about 15%.  The MoP configuration was run for a variety of cycle 

numbers, with a maximum 1000 cycles equivalent to 2500m distance.  

 

Many other researchers have applied this method in recent years in wear 

simulations. For example, the use of the UMESHMOTION routine and 

methodology can be found in Di Puccio & Mattei (2015), Fallahnezhad et al. 

(2017), Kanavalli (2006), Martínez et al. (2014), Mell et al. (2018), and Wang et al. 

(2017). 

 

4.5 Development of Finite Element Analysis 

In this study, two models were developed using Abaqus 6.14 as a platform to model 

wear through a subroutine to predict the wear volume in two different 

configurations. The first model studied is a Block-on-Ring (BOR) configuration, 

which is validated using BOR experiments, and which will be discussed in detail in 

chapter 5. The second model is that of a full walking gait knee with the EAKP 

prosthesis attached to the medial knee compartment, which will be discussed in 

detail in Chapter 7. Both wear models are quasi-static as this is a reasonable 
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approximation of the experimental and joint movement conditions (Nedoma and 

Danék, 2007; Sanders et al., 2016). 

 

The general model development steps used for these models in Abaqus are depicted 

in Figure 4.6. 

 

Figure 4.6: Abaqus general model development step (Dassault Systèmes, 2012) 

 

4.6 Wear simulation methodology 

The approach used for analysis of the Block-on-Ring (BOR) configuration and full 

EAKP model involves model set up, nodal displacement definition through an 

Abaqus UMESHMOTION (FORTRAN) subroutine, and an extrapolation scheme 

to accelerate the simulation process. As discussed earlier in section 4.3, Abaqus 

provides integrated ALE adaptive meshing which is efficient for wear modelling, 
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especially where geometric modifications/changes occur over time and mesh 

adjustments are required. The ALE adaptive meshing is used in conjunction with 

UMESHMOTION for the model wear simulation and discussed in section 4.4. 

 

Before the subroutines are discussed in detail, it will be good to first review the 

equations used in the routine to determine the magnitude of nodal displacement.  

 

4.6.1 Archard’s wear model applied to Finite Element simulations 

As discussed in section 2.13, Archard’s law for sliding wear has been used 

extensively and successfully for FEA wear simulations. Archard’s Law is given by 

Eqn. 2.1, from which the wear coefficient, Kw, can be obtained upon knowledge of 

the wear loss. 

 

To replicate wear in FE simulations, the three-dimensional Archard’s model of Eqn. 

2.1 needs to be transformed to a corresponding one-dimensional equation, with 

wear defined through nodal displacements at the contact surface. This can be done 

by dividing both sides of Eqn. 2.1 by the contact area A; wear volume is the product 

of the contact area and the nodal wear depth. The nodes on the contact surface must 

be moved throughout any simulation by an amount equal to the wear depth, to 

replicate the volume loss. Applying Eqn. 2.2 locally to a node at the contact surface 

in the computational model:  

 

	 	      4.2 
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where dh is the incremental (nodal) wear depth, p is the local contact pressure, and 

ds is the contact sliding distance.  

 

Eqn. 4.2 can be written in the form of local position for wear depth,	 ,  at a 

point Q (node) of the contact surface at a time t: 

 

, 	 , 	 , 	 ,       4.3 

 

The wear depth is taken for every node of the contacting surfaces. In the 

computational simulation, rather than evaluating the wear depth , 	over an 

elemental area, it will be evaluated for each contact node at the contact surface over 

a time period T as in Eqn. 4.4: 

 

	 	 ,                           4.4 

 

The volumetric wear V over the complete contact area A is then 

 

        	                                 4.5 

 

The total (cumulative) wear depth is obtained by incrementing the nodal wear depth 

at each increment, .  

 

As seen in Eqn. 4.2, the primary variables that play a significant role in the wear 

prediction are contact pressure and relative sliding distance. These variables are 

calculated at each node in the Finite Element mesh by Abaqus and are stored/output 
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after the model is solved. All such output quantities can be accessed at the end of 

each increment during the analysis by calling the utility routines GETVRN or 

GETVRMAVGATNODE. 

 

The contact pressure variable is CPRESS and is defined in Abaqus/Standard as the 

current pressure magnitude. The incremental relative slip is defined by 

Abaqus/Standard as the scalar product of the incremental corresponding nodal 

displacement vector and a local tangential direction. It can be requested as the first 

direction data slip (CSLIP1) and the second direction of data slip (CSLIP2) output 

data variables, which represent the sums of all such incremental slips during the 

analysis. The incremental slip is accumulated only when the slave node is in contact 

with the master surface, as discussed further in section 5.5.3.1.  

 

4.6.2 Wear Simulation Techniques  

The surface nodal displacement technique to imitate wear loss is discussed here. To 

simulate wear, a UMESHMOTION subroutine is developed to control and 

manipulate the nodal positions and model geometry during a wear simulation, as 

discussed in section 4.4.  The relevant variables governing the contact pressure and 

sliding distance are read into the routine at the end of each iteration. Knowing the 

value of the Archard’s Law wear coefficient, the nodal displacement changes to be 

made can be evaluated through Eqn. 3.4, which is coded in the UMESHMOTION 

routine.  

 

Once the nodal displacements and new nodal positions are prescribed, the geometry 

can be updated at each increment. The nodal displacements are stored in the vector 
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ULOCAL, which is defined in the local coordinate system ALOCAL (a 2×2 or 3×3 

matrix listing the unit vectors in global coordinates) (Dassault Systèmes, 2012).  

The movement of the nodal coordinates at the contact surface also defines the wear, 

through the displacement of the nodes perpendicular to the contacting surfaces. On 

updating the geometry, the ALE adaptive meshing is carried out, generating a new 

mesh so as to avoid high distortion of elements.  

 

In Abaqus/Standard, the geometry modification and the ALE adaptive mesh is 

accomplished by deploying adaptive mesh constraint to the computational domain. 

(Adaptive mesh constraint allows each nodal quantity to be accessed by 

UMESHMOTION.) During each increment, UMESHMOTION calls a number of 

utility routines (GETVRN, GETNODETOELEMCONN and 

GETVRMAVGATNODE) which deliver the significant solution variables 

(pressure, sliding distance). Then the displacement is applied to the vector 

ULOCAL. (The ULOCAL vector is defined in the local coordinate system 

ALOCAL, which Abaqus calculates internally for each node). A flow diagram for 

the UMESHMOTION routine is given in Figure 4.7. 
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Figure 4.7: UMESHMOTION subroutine flow 

4.7 Summary 

The development of the finite element methodology to be used for wear modeling 

is discussed and evaluated. A number of methods for wear generation using FEA 

by previous researchers were reviewed. The wear simulation technique and 

strategies, including ALE and the use of the UMESHMOTION routine, are 

explained. The model incorporates Archad’s law to evaluate wear volume. 

 

In the next chapter will be discussed the experimental setup for the Block-on-Ring 

(BOR) tests and the FEA model developed for the BOR configuration. 
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Chapter	5	

Block‐on‐Ring	Wear	Testing	

and	FEA	model	
In this chapter will be discussed experimental wear testing of materials and 

evaluation of wear coefficients using the Block-on-Ring (BOR) test configuration. 

After the discussion of the experimental and wear coefficient acquisition, a 

computational FEA model of the  BOR configuration is described. The FEA model 

is then validated by further BOR test data using wear coefficients for both the 

running-in phase and the steady-state phase. 

 

5.1 Purpose of test 

The purpose of the study described in this chapter is to validate a wear-testing Finite 

Element simulation model developed using the Abaqus software, using 

experimental wear testing. The simulation and testing configurations represent a 

simplified approximation of the articulating surfaces and geometry seen in the full 

EAKP. The complete EAKP model will be discussed in chapter 7.  
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5.2 Experiment set up 

Experiments were conducted using a BOR tribometer. A normal load was applied 

perpendicular to the test block, which has dimensions 12mm (width) x 12mm 

(height) x 18mm (length), as per the Ducom BOR machine test sample, model 

number TR-352. It is assumed that the force is evenly distributed over the block. 

The test ring has an outer diameter of 35mm and 10mm width (Ducoms 

Instruments, 2016). As the ring rotates, a tangential friction force is transmitted 

across the surfaces; the detailed configuration is shown in Figure 5.1. The 

dimensions of the configuration are shown in Figure 5.2 and Figure 5.3, and the 

machine arrangement is shown in Figure 5.4. The machinery was inspected and 

tested by supplier Ducom Instrument Pvt Ltd to satisfy the ASTM G77, ASTM 

G137 standards. 

 

 

Figure 5.1: Block on ring configuration 
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Figure 5.2: Test block dimensions 

 

 

Figure 5.3: Test ring dimensions 

 

In general, wear volume is quantified from the measure of material loss in 

millimetres cubed from both block and ring. The component having a lower wear 

resistance will have a higher wear loss.  
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Figure 5.4: BOR machine test set up 

 

5.3 Machine specification 

In Table 5.1 are listed the specifications and test parameter ranges available for the 

machine (Ducoms Instruments, 2016).  

 

Table 5.1:DUCOM BOR tribometer specifications 

Normal load  : 100 - 500 N  

Sliding speed  : 0.85 - 2.5 m/sec  

Speed  : 500-1500 rpm  

Frictional force  : Max 500N  

Temperature  : Ambient - 120ᵒC 

Noise meter  : 120 dB  

Magnetic base with a dial indicator : 0-2 mm dial indicator with 

magnetic stand, 1μm resolution  

Loading lever length  

Self-weight of lever  

: 420mm  

: 10.79 kg  

Loading lever ratio  : 1: 10 
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5.4 Input test parameters 

5.4.1 Materials 

Ultra-high molecular weight polyethylene (UHMWPE) was used as the test block 

material; the material’s specification, i.e. method of manufacture, material 

pureness, etc., is as set out in standard ASTM D4020, according to the supplier. The 

material’s hardness value, as used in some wear models, is listed by the supplier as 

60-68 Shore D. UHMWPE is a common material and has been used by many 

researchers in wear testing for implant design, as discussed in section 2.6.5. For the 

test ring roller, E-52100 steel, hardened to 62-65HRc, is used. The ASTM standard 

for a general Polyethylene-Metal combination, ASTM G-176 03, is used. Although 

this (Steel-UHMWPE) is not a commonly used combination of materials as used in 

standard knee prostheses, the primary purpose of this test was to validate a 

numerical model which can predict wear (see further below).  

 

5.4.2 Surface Roughness 

Block and ring initial surface roughness was measured, as this attribute plays a 

significant role in wear. The ring was first polished so that its initial surface 

roughness was close to the surface roughness of a conventional femoral implant, 

i.e. in the range 0.15-0.20 µm (Lee and Pienkowski, 1998; Saikko and Ahlroos, 

1999b; Saikko, 2005; Turell et al., 2005).  The surface was polished using the 

sanding method to a surface roughness of approximately 0.41 µm, i.e. somewhat 

rougher than a typical femoral implant. However, this should not jeopardize the 

result since these roughness values were consistent across the ring samples. The 

initial roughness of the test block is not critical, as it will not affect wear 

significantly, being the softer material. The UHMWPE block and ring surface 
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roughness measured using a Rtech 3D profilometer and the sample measurements 

are as depicted in Figure 5.5. 

 

Figure 5.5: Surface roughness: (a) ring surface roughness of approximately 

0.153µm Ra; the colours represent different contour heights for ring surface, with 

orange the highest at around 63.24µm and purple the lowest at 32.24µm; (b) 

UHMWPE block surface roughness of approximately 0.035 µm Ra; the red colour 

represents the highest level of around 14.81 µm and purple the lowest at around 

12.60 µm; (c) ring surface roughness measurement; (d) UHMWPE block surface 

roughness measurement 
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5.4.3 Ring speed 

As will be discussed later, the ring rotational speed is not critical from the point of 

view of computational modelling, as the model to be used will be quasi-static, as 

mentioned in section 4.4. However, an appropriate ring speed must still be chosen. 

Ring speed (rpm) was determined from a series of pilot tests. From the test-run 

observations, it was seen that if the load is not high and the speed is too high, the 

block and ring may “bounce” over each other and lose contact. Also, high ring 

rotation speeds may give rise to excessive temperatures which might 

affect/influence the wear rate of the UHMWPE. An example where this occurs is 

for a ring speed of 1500 rpm and a load of 30N. Therefore, it was decided to run the 

ring speed at 1000rpm, which is the medium speed of the machine. (This test run 

result has not been included in this thesis; the objective of the test run was to 

ascertain the ideal conditions for the BOR test.)  

 

5.4.4 Temperature 

The environment close to the block surface is controlled to be at, as close as 

possible, the temperature in prosthetic applications, 37oC. The temperature was 

controlled using tap water circulating through the lubricant chamber, and the 

temperature is monitored throughout the test. This also helps avoid temperature 

effects at the contacting surfaces. 

 

5.4.5 Lubrication 

The lubricant in the natural knee joint is synovial fluid. Most researchers carrying 

out wear testing, e.g. pin-on-disk implant testing, use Bovine serum (23 g/L) or 

Alpha calf serum (20 g/L) in their studies (Lee and Pienkowski, 1998; Saikko and 
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Ahlroos, 1999b; Saikko, 2005; Turell et al., 2005). The viscosity of both two types 

of lubricant is approximately 1.25 centipoises (cP) (Yadav et al., 2011). 

 

Due to a limitation of the BOR machinery available, the lubricant chamber is not 

compatible with bovine serum. The test was first run with water a few times, and it 

was observed that some particles were produced in the chamber. These particles 

came from the UHMWPE block and would become immersed between the two 

bodies, contributing to third-body wear. This effect on the wear mechanisms may 

lead to unsatisfactory and unreliable wear results. 

 

A lubricant is essential in order to keep the wear rates meaningful and to avoid 

unrealistic third-body wear (Cho et al., 2012). The tests were therefore carried out 

with the natural lubricant, soybean oil, with a viscosity of 23 cP (Diamante and Lan, 

2014).  Although soybean oil does not have the precise properties of Bovine serum, 

it should be kept in mind that its purpose is to create a low-friction environment and 

test conditions similar to that which will be modelled computationally, i.e. it is used 

for the purpose of validating a computational model. That said, some caution should 

be employed when the results of the use of soybean oil are used in a full-scale 

computational model to predict the amount of wear which will arise in a real 

application of the EAKP (as done in Chapter 7).  

 

5.4.6 Load 

One of the essential experimental parameters is the test load. In the model of wear 

to be used, the actual pressure induced should not affect the wear rate coefficient. 

However, in reality, one would want the pressure in the test to be not too dissimilar 
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to the pressure seen at real articulating surfaces, to better ensure the reliability of 

results. The ASTM F732-00 standard for wear testing of polymeric materials in 

Total Joint prostheses suggests the force acting normal to the ring is 225N, and that 

typical pressures on the contact surfaces should be around 3.54 MPa (ASTM F732 

- 00, 2011).  For the tests carried out in this study, two different loads will be used, 

as this will be a better test of robustness for the simulation models than if only one 

load value was used. Given the range of possible loads in the machine (100-500N, 

Table 5.1), it was decided to run tests at 130N and 225N. The data from the applied 

load of 225N was for ‘model calibration’, to develop the model; the resulting model 

would then be used to predict the results at an applied load of 130N, i.e. ’model 

validation’, with numerical results compared to the experimental results. Thus, as 

will be discussed again later, wear coefficients acquired from the BOR tests with 

the 225 N load will be used in simulations to predict wear at the load of 130N. 

 

5.4.7 Test distance and numbers of cycle 

Ideally, a prosthesis test would replicate the distance travelled by a typical human 

walking over fifteen years, to achieve the current standard for conventional knee 

implants. The distance travelled by a typical human is around 1.5 million to 3.2 

million walking cycles a year (Tudor et al., 2011), so therefore up to 48 million 

cycles steps over 15 years. However, to run 48 million cycles on a test machine is 

prohibitively time-consuming. Many researchers will run a physical simulator for a 

few million cycles and extrapolate results out to 50 million cycles. For example, 

Liu et al. (2008) reported on a study that compared the predictions made by a 

computational model for volumetric wear in the hip over 50 million cycles, with the 

wear volume measured in a physical test over 15 million cycles. The wear 
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coefficient used in the computational model (which was based on Archard’s law) 

was determined from the short-term experiment. The experimental results showed 

volumetric wear increasing linearly, i.e. at a constant wear rate, after an initial ramp-

up phase of approximately 250,000 walking cycles. The predictions for wear and 

wear geometry from the computational model showed good agreement with the 

experiment at 15 million cycles. Then this constant wear coefficient was used to 

predict wear out to 50 million cycles. For the 50 million cycle evaluation, the 

prediction for maximum linear wear depth was 6 and 8 mm on the cup and head 

bearings, respectively. The corresponding percentages of wear areas that are 

estimated relative to the areas of the original cup and head bearing surface are, 

respectively, 27% and 23%. 

 

The observation of a steady-state wear regime arising after a certain number of 

cycles has led most researchers in the field to use steady-state wear-rates in the 

appropriate wear equations (Abdelbary, 2015). The combination of UHMWPE and 

metal used here typically gives rise to a steady-state wear at around 3km sliding 

distance, or after approximately 50 thousand cycles (Benabdallah, 1993; Friedrich 

and Schlarb, 2011; Saikko et al., 2001; Saikko et al., 2017; Sawae et al., 2003; Turell 

et al., 2005; Wannasri et al., 2009). For this reason, the tests are run for 200 000 

cycles, more than enough to reach steady-state.  So that enough data points are 

acquired, the tests are run for some cycles, paused/stopped, measurements taken, 

and then resumed. At least four instants are taken for measurement of wear volume: 

at 50k, 100k, 150k and 200k cycles respectively. Each cycle-run takes 

approximately 50 minutes to complete.  
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5.4.8 Number of Tests 

To have confidence in the test results, to account for possible test variability, and as 

per the recommendations of the ASTM standard, the tests were run for each 

particular load three times (ASTM G176 - 03, 2009).  

 

5.4.9 Test measurements 

This section will discuss the methodology for measuring the frictional force, wear 

volume, the coefficient of friction and, last, but most importantly, the wear 

coefficient.  

 

5.4.9.1 Frictional force 

The frictional force (N) is measured by a load cell on the test machinery; this force 

acts in a direction opposite to the motion of the ring and tangential to the block 

sample.  The frictional force data is recorded on a PC with the assistance of data 

acquisition software (Ducoms Instruments, 2016). 

 

5.4.9.2 Wear Volume estimation  

As mentioned, at the end of each run of 50,000 load cycles, the test is 

paused/stopped, the sample removed. The wear volume (mm3) is then measured 

using an RTech 3D profilometer, as shown in Figure 5.6.  Wear volume was 

determined from the average of 3 cross-sectional area measurements along the wear 

scar, multiplied by the scar length. The wear coefficient (Kw of Archard's law, 

Eq.2.3) was determined by dividing the accumulated volume wear by the sliding 

distance and the axial force acting on the ring. 
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The optical profiler is able to measure the wear depth (mm) with 0.01mm resolution. 

Using the profilometer, the wear estimation is based on 3D images captured by an 

objective lens. At first, a 10X White Light Interferometry (WLI) lens was used. The 

area of a single image captured is 425 x 213µm2. This WLI is very good for analysis 

of metallic components where the wear scar can be easily discerned, captured and 

estimated. 

 

 

Figure 5.6: Wear volume estimation for the UHMWPE block using 3D Rtect 

profilometer after coating with an atomic gold layer; (a) Profilometer, (b) wear 

profile (the colours show the different depths of the surface; red is the lowest 

depth, followed by yellow, green, blue, dark blue and violet for the deepest) 

 

However, for the UHMWPE blocks, the material needed to be first coated with a 

metal coating using Gold Sputter Coating so that it could be adequately captured 

under the Rtech 3D profilometer, as shown in Figure 5.7. One of the drawbacks is 
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that this coating may well change the material surface significantly and so make the 

block result not reliable.  

 

To make the UHMWPE scarring discernible under the Rtech 3D profilometer 

without a coating, a new objective lens type, 20X confocal objectives lens, was 

acquired. The 20X confocal lenses allowed the UHMWPE block to be measured 

accurately. However, the area captured was smaller than that of the 10X WLI 

objective lenses: 224 x 169 µm, making the stitching of UHMWPE images more 

complicated and time-consuming, with more than 150 images needing to be 

captured for the wear scars in this experiment. 

 

 

Figure 5.7: (a) A Gold Sputter Coating machine to coat the UHMWPE block with 

an atomic layer of gold; (b) a UHMWPE block after atomic gold coating 

 

Stitching with the Rtech 3D profilometer is done using an algorithm whereby the 

image areas captured are broken into small pieces (as area captured by the objective 

lens) and the images are stitched into a designated image. As each wear scar takes 

well over 12 hours personnel time to stitch together, an approximation of the scar 

wear volume was made from measurements of scar cross-sections along the length 

of the scar. The cross-section was measured at three different locations of the scar 

as in Figure 5.8. The measurement was taken for every interval 50,000 cycles. Each 



 
 

118 
 

cross-section was scanned and stitched using the Rtech profilometer cross-section 

extraction features, producing a profile as shown in Figure 5.9, Figure 5.10 and 

Figure 5.11, and the area was obtained through numerical integration. For example, 

the first, second and third cross-sections for Sample 3 were estimated to be 

629828.64, 267356.71 and 323758.03 micron2 respectively. The wear volume, Vw, 

is then estimated from the average wear cross-sectional area s taken at the three 

different locations along the wear scar, and the length of the wear scar, l: 

 

                                                  5.1 

 

For the Sample 3, the average wear cross-section (of the above 3 values) is 

406981.13 micron2, and the wear scar length was 8700 micorn, giving a 

volume wear of Vw = 3.54mm3. 

 

Figure 5.8: Locations for three cross-sections for estimation of wear volume 
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Figure 5.9:  First cross-section estimation for Sample 3 at first 50k cycles, cross-

section wear estimated is 629828.64 micron2 

 

 

Figure 5.10:  Second cross-section estimation for Sample 3 at first 50k cycles, 

cross-section wear estimated is 267356.71 micron2 

 

 

Figure 5.11: Third cross-section estimation for Sample 3 at first 50k cycles, cross-

section wear estimated is 323758.03micron2 
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Note that the sizes of the cross-sections shown in Figures 5.9, 5.10 and 5.11 are 

quite different. This difference was observed at the first, 50k, point. During the 

initial wear up to this point, there is some line contact where a uniform load 

distribution is difficult to achieve, and this stage also experiences a high wear rate 

because of possible hard asperities ploughing into UHMWPE and abrasive wear. 

However, as the number of cycles increased to 100k, 150k and 200k, the variation 

between cross-section sizes reduced. It was during these later cycles that the wear 

coefficient for later computational modelling was deduced (see later). 

 

5.4.9.3 The coefficient of Friction (COF) 

The coefficient of friction can be obtained by dividing the frictional force by the 

load perpendicular to the block surface (ASTM G176 - 03, 2009): 

 

      5.2 

 

where f is the dimensionless coefficient of friction, Q is the measured friction force 

in Newtons and W is the normal force acting perpendicular to the ring, also in 

Newtons. The COF was determined from the experiment to be 0.19, as shown in 

Figure 5.12. 
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Figure 5.12: Coefficient of friction for the material configuration with respect to 

the number of output data acquired from the load cell  

 

5.4.10 Experimental results and discussion 

Experimental data for wear loss is shown in Figure 5.13 and displays the typical 

data trend acquired from the BOR wear tests. The results show two distinct regions 

of UHMWPE wear: a) a “running in” region, where the wear rate is high, for the 

first 50,000 cycles. The wear rate is higher at the beginning of the sliding process 

due to the removal of surface impurities (which result from the manufacture of the 

polymer specimen). During the sliding process, asperities on the UHMWPE surface 

(soft material surface) build up and bury any hard asperities present on the test ring 

surfaces, and this is the basis for the transition to the second phase (Abdelbary, 

2015), b) a steady-state region where the wear increases consistently at an 

approximately constant wear-rate. The wear rate is lower than in the initial running-

in stage because the UHMWPE asperities soften, and also the wear rate becomes 

steadier due to the hard asperities being covered by the UHMWPE residue 

(Abdelbary, 2015; Varenberg, 2013). It is standard practice to use the steady-state 

region and results for the determination of wear coefficients (Abdelbary, 2015).  

The final stages for UHMWPE wear are where the wear rate increases rapidly again 

as a result of microscopic crack initiation and propagation due to surface fatigue, 

0

0.05

0.1

0.15

0.2

0.25

0 2000 4000 6000 8000 10000 12000

C
o
e
ff
ic
ie
n
t 
o
f 
fr
ic
ti
o
n
(C
O
F)

Data points



 
 

122 
 

which leads to eventual component failure (Hegadekatte et al., 2004); this region is 

not shown in Figure 5.13.  

 

 

Figure 5.13: A typical volume loss trend for BOR testing, with two distinct 

phases: running-in, and steady state phases in the experiment for 225N load 

 

 

Figure 5.14: Wear volume for the BOR tests at load 225N; shown in the graph are 

the individual results for the three samples and the average wear for all of three 

samples 

 

Results for wear loss for the 225N load are tabulated in Table 5.2 and  plotted in 

Figure 5.14. Shown are results for the three samples and the average result. The 

results show the typical trend in the behaviour of UHMWPE wear found in the 
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literature, as displayed in Figure 5.13, with distinct regions of running-in and 

steady-state. The test was stopped after 200,000 cycles, by which time the wear 

volume was seen to increase consistently.  

 

Table 5.2: Wear loss for BOR experiment with load 225N 

Distance Sample 1, 2, 3 Wear loss (mm3) 

Km 
Number 

of Cycles 
Sample 1 Sample 2 Sample 3 

Sample 1, 2, 3  

Average 

0 0k 0 0 0 0 

5.5 50k 4.17 3.13 3.54 3.61 

11 100k 4.77 3.70 3.86 4.11 

16.5 150k 5.43 4.27 4.43 4.71 

22 200k 5.94 4.59 5.09 5.21 

 

The results for the three samples are averaged, and the steady-state region is plotted 

in Figure 5.15. The slope of the trend-line in the steady-state region is 0.5392 and 

the wear coefficient, Kw2, is determined to be 4.1 × 10-10 mm3N-1mm-1 from 

Archard’s law, equation 2.3.  The wear coefficient, Kw1, for the running-in stage 

was also extracted from this test – this corresponds to the first 5.5 km; the value was 

determined to be 3.43× 10-9 mm3N-1mm-1.  (Subscripts “1” and “2” are used on the 

wear coefficient Kw to denote, respectively, the running-in stage and the steady-

state stage.)  
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Figure 5.15: Wear volume for the steady state region; average of 3 tests, 225N 

load (Linear fit is indistinguishable from the data plot) 

 

5.5 FEA computational model of the Block-on-Ring (BOR) test 

In this section will be discussed the development of Finite Element (FE) model for 

the Block-on-Ring (BOR) test. 

 

5.5.1 Model geometry 

For the Block-on-Ring (BOR) finite element model development, a test block which 

has dimensions 12mm (width) x 12mm (height) x 18mm (length) and a ring of the 

diameter of 35mm, and 10mm width are modelled. The geometrical configuration 

in the experimental test was constructed in CAD/CAE as in Figure 5.16 with 

Commercial CAD package (SolidWorks®). The assembly was constructed to 

match precisely the experimental BOR set-up as in section 5.2. The geometry was 

imported into ABAQUS as a 3D ACIS model (.sat file format).  
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Figure 5.16: CAE Block-on-Ring (BOR) configuration 

 

5.5.2 Define material 

All components in the FEA model require material properties definition. Both 

components were assigned linear elastic material properties. The ring component 

was assigned the properties of steel, with Young’s modulus 200GPa, Poisson’s ratio 

0.3 and density is 7.7 g/cm3. The block bearing component was assigned the 

properties of UHMWPE: Young’s modulus 690 MPa, Poisson’s ratio of 0.317 and 

density is 0.945 g/cm3. The coefficient of friction for the contacts was 0.19, as 

obtained from the wear test with the BOR test machine as described in section 

5.4.10.  The material properties for the individual components (Young’s modulus, 

Poisson’s ratio, and density), acquired from the material suppliers, are presented in 

Table 5.3.   

Table 5. 3: Material properties 

Material Density 

[g/cm3] 

Young 

Modulus 

[MPa] 

Poisson’s 

Ratio 

Coefficient of 

friction 

UHMWPE 0.945 690 0.317 
0.19 

Steel 7.7 200000 0.3 
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5.5.3 Configure Analysis 

5.5.3.1 Analysis step set up 

The simulation was divided into three steps; (1) compression loading, (2) 

compression loading with ring rotation, and (3) unloading. The steps total analysis 

time was 22s. (A quasi-static model is assumed here; although one speaks of “time” 

here, this is not a dynamic analysis.) The period for compression loading was 1s, 

compression loading with 20 rotational cycles takes the 20s and unloading takes the 

final 1s. In (1) Compression loading, an axial load was applied to the centre of the 

ring, while the UHMWPE block is fixed. This gives the block an initial compression 

loading and static deformation. In (2) Compression loading with ring rotation, the 

ring is rotated with the constant force applied on the ring as in the experiment. This 

step produces sliding and the contact pressures which produce the wear. Finally, in 

the final step, (3) Unloading, where the load is removed from the model; this final 

step was carried out to evaluate wear volume and eliminate any deformation caused 

by the compression loading, which might affect UHMWPE block volume 

geometry. 

 

In the model configuration, the desired output to display after completion of the 

computations needs to be requested before the simulation is submitted to the solver. 

Stresses, strains, contact and element volumes were requested in Field output 

request while the area of contact was requested in History output request. All the 

output requested for the whole model is output for each increment.  

 

The interaction between the contacts was defined in Abaqus as a surface-to-surface 

contact with the “Hard contact” property for pressure over closure. The “Hard 



 
 

127 
 

contact” property can be found under “normal behaviour property”.  The “Hard 

contact” was chosen because this minimises the closure of the slave surface into the 

master surface at the contact without allowing tensile stress across the interfaces 

(Hibbitt et al., 2001). In the BOR model, surface contact on the UHMWPE block 

part model is assigned as the slave surface contact because the UHMWPE block 

part model will experience wear. The counterface, steel ring part is prescribed as 

the master surface contact. The coefficient of friction (COF) was assigned the value 

of 0.19 using the tangential behaviour property. 

 

5.5.4 Loads and boundary conditions 

A vertical load was applied using a concentrated force at the centre of the ring 

component. The load magnitude applied is as in the experiment: 130N and 255N. 

As shown in Figure 5.17, the X-axis is parallel to the UHMWPE block top surface; 

the Y-axis is perpendicular to the UHMWPE block top surface, and the Z-axis is 

perpendicular to the UHMWPE block front surface. The boundary conditions were 

assigned such that the ring was restricted from translating in the X-Z plane but 

allowed to rotate about the Z-axis during unidirectional sliding. The UHMWPE 

block was fixed at the bottom surface using encastre boundary conditions.  
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Figure 5.17: Block-on-Ring (BOR) boundary condition prescription 

 

5.5.5 Contact analysis and model verification 

In wear simulations, contact area (between the contacting surfaces) and contact 

pressure are crucial factors related to wear and wear determination. The contact 

pressure and contact area can be estimated using the Hertzian contact theory for 

elastic bodies. The theory assumes contact of a cylinder on a flat surface, with the 

radius of the cylinder large relative to the deformation depth. The maximum 

Hertzian contact pressure is given by 

 

	
	

∗
            5.3 

 

where  is maximum contact pressure,	  is mean pressure, P is the force applied, 

R is the cylinder radius, and E* is a function of the elastic constants of the cylinder 

and indented material. The static conditions in the BOR model are similar to those 

for which the Hertz theory is valid. The maximum contact pressure is given by Eqn. 

5.3 can be used to verify the computational model by comparing with the model 
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output for the maximum stress at the contact surfaces, as described below. The 

maximum contact pressure for the 130N load was 26 MPa and for the 225N load it 

was 50 MPa. 

 

5.5.6 Mesh 

Hexahedral elements were used for the solid parts. Hexahedral elements generally 

provide a good consistent mesh, producing accurate results with the relatively low 

computational expense. It is straightforward to generate a quality hexahedral mesh 

for simple geometries such as the block and ring. The ring was discretised using 88 

three-dimensional C3D8R 8- node linear brick elements (264 nodes). The mesh is 

a bit coarser than for the UHMWPE block component to reduce computational cost 

without compromising the result accuracy. In order to verify the reliability of the 

results from the selected mesh, a mesh sensitivity study was conducted. 

 

The entire UHMWPE block was discretised using 720 three-dimensional C3D8R 

8- node linear brick elements (1629 nodes) as shown in Figure 5.18. The solution 

was enhanced by applying reduced integration in elements to achieve faster 

computation. In the UHMWPE block, enhanced hourglass control was deployed to 

provide course mesh accuracy improvement. 

 

Adaptive mesh constraints were applied to the UHMWPE block geometry with 355 

nodes in contact with the sliding ring contact surface. These constraints were 

deployed to prescribe independent mesh motion for nodes in ALE adaptive domains 

(Hibbitt et al., 2001). From the experiments, wear was measured to occur 
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(significantly) only in the UHMWPE block. As such, element deletion was assigned 

to the UHMWPE block only, and not the ring, to enable material wear evolution. 

 

 

Figure 5.18: CAE Block-on-Ring (BOR) element meshing 

 

5.5.6.1 Mesh sensitivity study 

A mesh convergence analysis was carried out by altering element size and mesh 

density, so that consistent wear rates are achieved. Different model outputs could 

be examined in the mesh convergence study. Here, results for the maximum contact 

pressure are examined, since this parameter is directly related to the wear volume 

and can be calculated analytically using Hertz theory. Results are shown in Figure 

5.19 for the contact pressure from FEM and the analytical Hertz theory. When the 

element size reaches approximately 0.3mm (in the vicinity of the contact), the 

contact pressure predicted appears steady and does not change perceptibly with a 

finer mesh. Therefore, to expedite the computational analysis without 



 
 

131 
 

compromising the output accuracy, this element size and mesh has been chosen for 

the final FE model. 

 

Figure 5.19: Mesh convergence study for maximum contact pressure; comparison 

between BOR FEM model and analytic Hertzian solution 

 

5.5.7 Run Analysis 

Once all boundary conditions were assigned, mesh generated, and contacts defined, 

a job was created in order to generate an input file for submission to the Abaqus 

solver. During run-time, the wear subroutine is called to extract the relevant 

properties and calculate the wear generation, as discussed in section 4.5.2. 

 

During the first simulation step, the load is applied to the ring. After an initial static 

step involving compression loading of the ring, the ring is rotated for the 

predetermined number of cycles. A final static unloading step is carried out to 

remove any deformation caused by this compression loading, as discussed earlier. 

From the loaded and rotating ring, the contact surfaces experience contact pressure 

and sliding. At each increment, these two attributes are tracked and wear depth is 

calculated. The geometry changes were tracked, and wear calculated at each 

iteration.  
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The simulation was run for 20 cycles (one cycle being for the ring to rotate one full 

cycle). The increment is set to automatic in every step with an initial increment 0.1; 

the smallest increment is 1 x 10-6, and the maximum increment is 5. At each 

increment, the incremental wear and accumulated wear was calculated. Each cycle 

is extrapolated to 10 thousand cycles using the methodology described in the work 

of Netter et al. (2015b). This means that 20 cycles in this FEA simulation are 

equivalent to 200,000 cycles in the experiment.  

 

Experiments were performed for 200 thousand cycles. Running one cycle for the 

BOR experimental configuration takes approximately 20 computational increments 

per cycle, so that 200 thousand computational cycles would require 4 million 

increments. Such computational modelling is infeasible given the computer 

resources available for this study. Therefore, an extrapolation method was used to 

practically solve the problem. This extrapolation method involves carrying out one 

cycle in the computer model, and extrapolating that one cycle out to represent in 

fact N cycles. To test whether such extrapolation is possible, one can run the study 

for different values of N, and see whether the results (for wear volume) converge 

as N is reduced. For example, at first one could use N = 100k and the computational 

model would be run for 2 cycles to achieve the experimental 200k cycles. Then, N 

could be reduced progressively to 50 thousand, where the computational model 

would be run for 4 cycles. It has been shown in the literature that such a 

methodology generally achieves a converged result, principally because of the 

simplicity of Archard’s law, and its independence of velocity and wear history. For 

example, Burchardt et al. (2017) estimates a wear of 80 mg after 5 million cycles 

using a configuration of UHMWPE on cobalt-chromium, and finds that a value of 
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approximately 50k is sufficient for a convergent result. In the current study, a more 

conservative value of N = 10 thousand cycles is used. 

 

During the simulation, the wear volume was extracted before and after each 50 

thousand cycle intervals. The simulation model does not account for the speed of 

rotation of the ring, as it involves a quasi-static analysis approximation of events. 

Figure 5.20 shows the flow chart for the finite element model in Abaqus 6.14, 

incorporating the UMESHMOTION routine, as described in section 4.5.2. 

 

Figure 5.20: Finite Element Analysis wear simulation flowchart with the 

incorporation of subroutines 

 

The wear geometry is depicted in Figure 5.21. The wear groove was captured after 

the final (200,000th) cycle and can be clearly seen in Figure 5.21(b). The wear 
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volume at this final stage was 5.44 mm3. For the aid of visualisation, the model of 

BOR at a magnification of 2 is shown in Figure 5.22.   

 

 

Figure 5.21: wear geometry in the FE model: (a) initial and (b) final; deformed 

shaped (c) plot contour on the deformed shape 

 

Figure 5.22: UHMWPE block surface with both contour plot; before the wear 

generation and after wear generation  

 

The wear volume obtained from the Finite Element Analysis (FEA) is compared to 

the experimental result. The result is tabulated in Table 5.4 and plotted in Figure 

5.23. The FEA model prediction is in a good agreement with the experimental 

results with the slope of 0.5362 for the experiment and 0.6601 in the FEA 
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prediction. The maximum difference between the FEA prediction and experiment 

is around 4 to 5 %, occurring at the transition of running in phase to steady-state 

phase of the 50 thousand cycle and the maximum of 200 thousand cycle marks, 

which is within the bounds obtained by previous researchers (Bortoleto et al., 2013; 

Hegadekatte et al., 2004; F. J. Martínez et al., 2012; Podra and Andersson, 1999). 

 

Table 5.4: Wear loss for BOR experiment compared to FEA simulation with load 

225N 

Distance Sample 1,2,3 and FEA Wear loss (mm3)

Km Rotation 
Sample 1,2,3 

Average 
FEA 

0 0k 0 0 

5.5 50k 3.61 3.43 

11 100k 4.11 4.07 

16.5 150k 4.71 4.64 

22 200k 5.21 5.44 

 

 

Figure 5.23: Wear volume obtained from the Finite Element Analysis (FEA), 

compared with the average experimental result. 
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5.5.7.1 Wear validation with difference load 

To evaluate the robustness of the model, the simulation was run for the same 

configuration, but with a different load. The primary goal here was to predict the 

wear volume based on the wear coefficient, Kw2, acquired from the first model, to 

properly validate the physical simulation experiment with a different load. The 

experimental validation procedure was run for three samples of UHMWPE at 130N 

load. Results are tabulated in Table 5.5 and plotted in Figure 5.24. 

 

Table 5.5: Wear loss for BOR experiment with load 130N 

Distance Sample a, b, c. Wear loss (mm3) 

Km 
Number 

of Cycles 
a b c abc Average 

0 0k 0 0 0 0 

5.5 50k 2.54 2.72 2.39 2.55 

11 100k 2.69 3.11 2.86 2.88 

16.5 150k 3.45 3.37 3.47 3.43 

22 200k 3.70 3.60 3.83 3.71 

 

 

In Figure 5.24, it is clear that the variation in wear volumes between the samples 

reduces as the number of cycles increases. This phenomenon is due to the worn 

UHMWPE covering any of the hard asperities resulting in smoother contact and a 

steadier wear rate (Abdelbary, 2015). 
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Figure 5.24: Wear volume for the BOR tests at load 130N; shown in the graph are 

the individual results for the three samples and the average wear for all of three 

samples 

 

The average of three samples at load 130N in the steady-state region was fitted 

using linear regression, and the slope is approximately 0.4012 with R2 of 0.998 as 

shown in Figure 5.25. 

 

 

Figure 5.25: Linear fit to the wear loss steady state average for the three samples 

at load 130N load 

 

The wear volume predicted by FEA was compared to the result for the average of 

the three samples tested at 130N.  The comparison outcomes are tabulated in Table 

5.6, and the comparison is shown in Figure 5.26.   
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Table 5.6: Wear loss for BOR experimental with load 130N 

Distance 
Average sample a,b,c and FEA Wear 

loss (mm3) 

Km Number of cycles a,b,c Average FEA 

0 0k 0 0 

5.5 50k 2.55 2.503 

11 100k 2.88 2.89 

16.5 150k 3.43 3.216 

22 200k 3.71 3.68 

 

 

Figure 5.26: Wear volume for average experimental and FEM prediction for 130 

N load 

 

FEA results were in good agreement with the experimental data obtained from the 

BOR wear tests. The FE simulations prediction wear with a percentage error of 2 to 

6%, similarly to the case of the 225N load (see Figure 5.23). The slope is in a good 

agreement with 3.8% different between FEA slope and experimental slope with the 

FEA slope is slightly higher than experimental. Of the four data points, the highest 
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is a 6% difference; the average for the experiment is 3.43 mm3 and the model 

prediction is 3.21 mm3.  

 

The wear coefficients derived from both experiments show the coefficients of wear 

become closer at the steady-state wear rate as shown in Figure 5.27. This graph 

shows that, as sliding distance increases, the wear coefficients become steadier and 

closer in value. This shows that the wear coefficient is independent of load (to the 

approximations allowed for in this study). This is also evident from the volumes 

shown in Figure 5.24, with variations reducing as the sliding increases. 

 

 

Figure 5.27: Comparison of average wear coefficients from both experiments, at 

loads 130N and 225N 

 

5.6 Summary 

In this chapter, the Block on Ring (BOR) experiment was described and run 

successfully to determine wear coefficients Kw1 and Kw2 as the input for 

computational predictions. Three samples of UHMWPE were tested at a 225N load 

for wear coefficient determination, and three samples were tested at 130N load for 

validation of the computational model.  
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An FEA computational model and its development were discussed in detail in the 

second half of this chapter. The sliding wear of a UHMWPE block was modelled 

successfully as set up in the physical BOR experiment. Then the FEA model was 

run incorporating a UMESHMOTION FORTRAN subroutine linked with 

ABAQUS. This routine was used to implement Archard's wear law and define 

material removal from the surface of the UHMWPE block in contact with a steel 

counterface. ALE adaptive meshing was applied to the adaptive mesh constraint 

domain. 

 

The model results were in good agreement with experimental data obtained from 

the BOR wear tests with the percentage differences being 5% for the 225N load 

and 6% for the 130N load and, for both loadings, the FE simulations were observed 

to predict slightly higher wear volume than the BOR experimental wear volume. 

Despite these differences, the results confirm the correlation between the FEA and 

the physical experiment. Simulation strategies based on the results of this chapter 

will be used to predict wear in the novel distracted knee in Chapter 7. First, in the 

next chapter will be discussed a comprehensive analytical method to verify the FEA 

model presented in this chapter. 
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Chapter	6	

Analytical	Wear	Model	and	

Finite	Element	Model	

Comparison	
In the previous chapter, the experimental method used for wear coefficient 

acquisition was discussed, and results were compared with those from a developed 

computational FEA model. Here in this chapter, an overview of an analytical wear 

model will be given, based on the indentation of a cylinder on a flat surface. A 

comparison will be given between the results of this model and those of the FEA 

model.   

 

6.1 Semi-analytical Wear Model 

An analytical solution for predicting wear volume Vwear, wear depth δwear, and wear 

area Awear in the Block-on-Ring (BOR) experiment is given by Zhao et al. (2008). 

In that analysis, the apparatus is modelled as a rigid cylinder of radius Rc pressed 

into, and rotating on, a linear elastic plate of thickness h and width w, for N cycles.  
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Solutions for wear are derived from this geometric configuration, along with 

Archard’s wear law and the elastic foundation contact model. As depicted in Figure 

6.1, the cylinder rotates around its longitudinal axis at a constant speed S/Rc. This 

rotation produces contact slip, and each contact area will experience sliding at a 

constant speed S. The expression for Vwear is derived by integrating accumulated 

wear depth, δl, along the wear zone area. 

 

                      6.1 

 

where dA is a differential area. In this equation, δl is found from the classical 

Archard’s law, 

 

          6.2 

 

where k is a constant wear factor,  is the contact pressure and NS is the total 

sliding distance over N cycles. Substituting Eqn. 6.2 into Eqn. 6.1 gives 

 

                                     6.3 

 

Since  is the axial force Fn acting on the cylinder, the volume wear can be 

expressed as: 

 

                                                6.4 
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Figure 6.1: Schematics of a cylinder on a flat surface (Zhao et al., 2008) 

 

To derive the wear depth δwear, and wear area Awear, two assumptions need to be 

made: a) plate thickness h remains constant, and b) the wear scar formed on the 

plate is semi-cylindrical, Figure 6.1. By introducing the unknown radius of 

undeformed surface Rw, of the cylinder with the unknown angle of inclination , 

wear depth δwear is determined as the difference between the minimum worn contact 

and the flat surface of the block: 

  

	 1 	                                       6.5 

 

From the geometry, Awear   can be expressed as 

 

2 2 	 	                                     6.6 

 

By solving for the three unknowns, Rw,	  and θ, δwear and Awear can be calculated. 

To complete the solution, three different geometric relationships are used. From 
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Figure 6.1, one knows that the half-width  of the wear zone equals the half-width 

of the contact zone: 

 

sin sin 										0                          6.7 

 

To get the total wear volume, the cylindrical wear volume is first determined from 

the geometric relationship between the cross-section and the cylinder block plane. 

The intersection area between a circle and line as shown in Figure 6.1 can be 

obtained by subtracting a triangular area from a circular sector area and then by 

multiplying the area by the plate width w: 

 

	 sin cos                             6.8 

 

Using the elastic foundation contact theory, the contact pressure  can be 

approximated as (Zhao et al., 2008) 

 

		

		
		 	                      6.9 

 

Here, it is assumed that the thickness of the foundation layer , the penetration 

of cylinder δl , and C is a constant for the material properties and thickness of the 

plate. With this expression for , the normal force can be written as  

 

	              6.10 
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where Vwear is known from Eqn. 6.4 and Vgeometry is given by an equation similar to 

Eqn.6.8 for the intersection between the cylinder and unworn plane: 

 

sin cos                        6.11 

    

 Substituting Eqn. 6.4 and Eqn. 6.11 into Eqn.6.10 gives 

 

sin cos                      6.12 

 

Eqn.6.7, Eqn. 6.8 and Eqn. 6.12 give three nonlinear equations in the three 

unknowns, Rw ,	   and θ.  These equations can be solved using standard nonlinear 

root finding methods for any given number of cycles N. For the current analysis, 

the equations were solved using MATLAB. 

 

6.2 Results for the semi-analytical model and finite element model  

Results for the analytical and finite element model of the BOR tests are compared 

for three output data: wear area, wear depth and wear volume. Both loading 

magnitudes are considered here. In what follows, Test_225 represents the analytical 

result for the 225N load and FEA_225 represents the corresponding FEA simulation 

result; Test_130 represents the analytical result while FEA_130 represents the 

computational model result for the 130N load. For both the analytical model and 

FEA simulation, for both loads, the wear coefficients used were Kw1 = 3.43 × 10-9 

mm3 N-1mm-1 for the running-in stage, and Kw2 = 4.10 × 10-10 mm3 N-1mm-1 for the 
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steady-state region. These wear coefficients were acquired from the BOR 

experimental programme discussed in Chapter 5. 

 

6.2.1 Wear Area 

One of the parameters estimated in the FEA and analytical analyses is the wear area. 

The approximation and result from both methods are tabulated in Table 6.1.  

 

Table 6.1: Wear area for BOR experiment analytical solution compared to FEA 

simulation with load 225N and 130 N 

Distance Analytical and FEA wear area (mm2) 

Km 
Rotatio

n 
Test_225 FEA_225 Test_130 FEA_130 

0 0k 0 0 0 0 

5.5 50k 46.22 43.72 40.10 37.45 

11 100k 48.01 45.12 43.17 40.60 

16.5 150k 49.69 47.93 44.50 41.44 

22 200k 50.51 50.23 45.71 42.17 

 

The trend of wear area for both FEA and semi-analytic model are depicted in Figure 

6.2 and Figure 6.3. The wear areas obtained for both the 225N and 130N loads show 

similar trends, with analytical wear areas slightly larger than those predicted by the 

FEA simulations. With the 225N load, the difference is more significant during the 

transition period between the running- in and steady-state stages, getting closer as 

the distance increases. The difference is from approximately 1 to 6% .The 

difference seen for the second load 130N is slightly higher at about 5.9 to 7.8 % 

along the steady-state region. Such differences are similar to those obtained in 



 
 

147 
 

previous publications on FEA comparisons, for example in Hegadekatte et al. 

(2004), Martínez et al. (2012), and Podra and Andersson (1999). 

 

 

Figure 6.2: Wear area for the 225N load; comparison of analytical solution and 

Abaqus simulation 

 

 

Figure 6.3: Wear area for the 130N load; comparison of analytical solution and 

Abaqus simulation 

 

6.2.2 Wear Depth 

Another parameter estimated in the FEA and examined here with the semi- 

analytical solution is the wear depth. The wear depth is measured in as node shifting 

in the direction of the loading force. Figure 6.4 shows a contour plot for wear depth 

for the FEA BOR 225N case. The wear depth for the running-in phase (first 50,000 
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cycles) is shown in Figure 6.4(a) and Figures 6.4(b-d) shows the wear depth for the 

steady state phases (100, 150, 200 thousand cycles). The maximum wear depth for 

the 225N load is 0.1982mm. 

 

 

Figure 6.4: Wear depth (mm)for BOR FEA simulation with the 225N load; 

contours of depth are shown for a) 50 thousand cycles b) 100 thousand cycles c) 

150 thousand cycles and d) 200 thousand cycles 

 

Figure 6.5 shows the analogous wear depths for the FEA simulation for the 130N 

load. The maximum wear depth in this case is seen to be 0.1572mm. 
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Figure 6.5: Wear depth (mm) for BOR FEA simulation with the 130N load; 

contours of depth are shown for a) 50 thousand cycles b) 100 thousand cycles c) 

150 thousand cycles and d) 200 thousand cycles 

 

The results for loadings, 225N and 130N, for the analytical and FEA simulations 

are compared in Table 6.2. The maximum wear depth trends for each 50 thousand 

cycles interval are also shown in Figures 6.6 and 6.7. For the 225N load, the semi-

analytical maximum wear depth is 0.1893mm (as compared to the FEA depth of 

0.1982mm, a percentage difference of approximately 4.6%).  The corresponding 

value for the 130N load is 0.1617mm (as compared to 0.1572mm from FEA, a 

difference of 2.8%). 
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Table 6.2: Wear depth for BOR analytical solution compared to FEA simulation 

with load 225N and 130 N 

 

Distance Analytical and FEA wear depth (mm) 

km Rotation Test_225 FEA_225
% 

difference
Test_130 FEA_130 

 
% 

difference

0 0k 0 0 0 0 0 0 

5.5 50k 0.1375 0.1332 3.1 0.1100 0.1085 1.7 

11 100k 0.1593 0.1708 7.2 0.1382 0.1412 2.1 

16.5 150k 0.1799 0.1729 3.9 0.1507 0.1503 0.3 

22 200k 0.1893 0.1982 4.7 0.1617 0.1572 2.7 

 

 

Figure 6.6: Wear depth for the 225N load; comparison of analytical solution and 

Abaqus simulation.  

 

Figure 6.7: Wear depth for the 130N load; comparison of analytical solution and 

Abaqus simulation.  
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6.2.3 Wear Volume 

The results for wear volume are tabulated in Table 6.3 and plotted in Figure 6.8 and 

6.9.  

 

Table 6.3: Wear volume for BOR analytical solution compared to FEA simulation 

with load 225N and 130 N 

Distance Analytical and FEA wear volume (mm3) 

km Rotation Test_225 FEA_225
% 

difference
Test_130 FEA_130 

 
% 

difference

0 0k 0 0 0 0 0 0 

5.5 50k 3.55 3.43 3.4 2.55 2.503 1.8 

11 100k 4.04 4.07 0.7 2.89 2.89 0 

16.5 150k 4.61 4.64 4.6 3.43 3.216 6.2 

22 200k 5.00 5.44 5.4 3.83 3.68 3.9 

 

The difference between the FEA and semi-analytic model is around 3% at 5.5 km 

sliding distance and around 1% during the steady state phase, but the prediction 

from FEA for sliding distance 22km is higher at around 8% for the 225N load. The 

differences seen in the wear volume results might at least in part be a result of the 

use of the volume estimation in Abaqus (VOL function), where wear volume before 

and after each iteration is based on element volume estimation difference. Some of 

this error will be due to the nodes on the edge of the UHMWPE block experiencing 

high contact pressure.  
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Figure 6.8: Wear volume for the 225N load; comparison of analytical solution and 

Abaqus simulation 

 

Figure 6.9: Wear volume for the 130N load; comparison of analytical solution and 

Abaqus simulation 

 

6.3 Summary 

In this chapter, a semi-analytical solution for the Block-on-Ring (BOR) test was 

discussed for the evaluation of the wear volume Vwear, wear depth δwear and wear 

area Awear. The solution was compared to the FEA simulation results obtained in the 

previous chapter. Results were consistent, with the analytical solution predicting 

wear area and wear depth values slightly different to those from the FEA simulation 

while for volume wear loss, the FEA simulation predictions were in good agreement 

with the largest percentage differences being 5% for the 225N load and 6% for loads 

130N.  
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With the FE model verified satisfactorily through the semi-analytic model discussed 

here, the FEA methodology will be used in the next chapter to analyse the wear in 

a full EAKP knee implant. 
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Chapter	7		

Wear	Prediction	in	Knee	

Prostheses	Assemblage	
In this chapter is discussed the full implementation of all the acquired inputs and 

results from previous chapters into the development of a complete computational 

model of the Externally Articulating Knee Prosthesis (EAKP). Model results, 

predictions and analysis are given and discussed. 

 

7.1 Development of Finite Element Analysis model for EAKP knee implant 

FEA has the ability to predict wear in the novel knee implant based on primary wear 

generation factors such as knee loading, sliding of knee components and the 

properties of knee contact. The knee joint consists of two bones, the femur and tibia, 

which will be used as a carrier for EAKP to move and predict the contact parameter 

such as contact area and contact pressure of EAKP contact surface. The contact 

parameter between the contact surfaces will be determined by the movement of 

femur bone while the tibia bone is set to be stagnant.  The development process is 

described as in section 3.5. 
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7.1.1 Model generation 

The 3D model of EAKP was developed in computer-aided-design CAD software 

Solidworks, as described in Chapter 3. The model was then exported as a 3D ACIS 

file and imported into the ABAQUS FEA software for further analysis. All 

components were then assembled in ABAQUS as shown in Figure 7.1. All 

components of the EAKP were set to be deformable whereas the femur and tibia 

bones were set to be rigid bodies. Note that the computational model takes 

approximately 5 days to run (on 2 cores) when the bones are rigid and the model 

would be very computationally expensive to run if the bones were deformable. 

Also, when the bones are rigid, the prescription of the dynamic loading and 

kinematics of human walking gait to the model is more straightforward. A model 

with deformable bone would be required to examine the details of stress and strain 

within the bone, and stress shielding and bone re-modelling effects. However, the 

assumption of rigidity should not affect to any significant extent the kinematics and 

force going through the implant, and therefore the contact pressure and sliding 

distances experienced by the EAKP bearing surfaces, which are the key ingredients 

in calculating wear volume in the computational model. 
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Figure 7.1:  EAKP implant components in the FEA assembly, with the femoral 

component attached to the femur and tibia component attached to the tibia 

 

An anatomically accurate model of the knee was obtained for the analysis of the 

EAKP: a right knee with a full range of climbing-stair gait was obtained from 

dynamic X-ray fluoroscopy and motion capture integration (Fernandez et al., 2008), 

which captured the dynamic movement and steps through 2D video motion. The 

knee model was extracted from MRI of a male subject, and the MRI was segmented 

into a 3D model. The 3D model was matched to the 2D video to infer accurate joint 

kinematics using the custom software package KneeTrack. The main purpose of 

that study was to show how X-ray fluoroscopy, motion capture and computational 

modelling can be integrated to access femoral patella function during dynamic 

activity. The model was modified here by prescribing the loading and knee 

movement as discussed in section 7.3 below. 
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7.1.2 Define Materials  

Material properties for the individual components of the EAKP, as assigned in the 

EAKP model, are presented in Table 7.1. Both components were assigned linear 

elastic material properties. The material properties for UHMWPE, steel and 

titanium alloy were acquired from the material supplier. The coefficient of friction 

COF was acquired from the BOR experiments as discussed in section 5.4.9.2. All 

materials are assigned individually to each EAKP part component. 

 

Table 7.1: Material properties 

Material Density 

[g/cm3] 

Young 

Modulus 

[MPa] 

Poisson 

Ratio 

Coefficient of 

friction 

UHMWPE 0.945 690 0.317 0.19 

Steel 7.7 200000 0.3 0.19 

Titanium Alloy 4.43 110000 0.342 - 

 

7.2 Configure Analysis  

7.2.1 Analysis step set up 

The EAKP knee model is set up for one cycle of walking gait to predict EAKP 

contact pressure and contact location during walking gait. In the FEA model set up, 

it is necessary to prescribe the femur position. Details of the set up are explained in 

the following. 

 

As in the BOR wear simulation, the output database used for results visualisation 

and analysis includes stresses, strains, contact pressure and element volume 
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requested in Field output request and the contact area requested in History output 

request. All data requested for the whole model is output at every increment.  

 

Adaptive mesh constraints were applied to the UHMWPE tibia assemblage 

geometry with 7975 nodes in contact with the femur assemblage contact surface. 

These constraints were deployed to prescribe independent mesh motion for nodes 

in adaptive domains (Hibbitt et al., 2001).  

 

The simulation was run for ten walking gait cycles. After first walking gait cycles 

were completed, the geometry of the tibia articulating layer is being updated to have 

ten thousand walking gait cycles of wear effect. Then the second walking gait cycles 

took place which the model started in second walking gait cycle is continued from 

the updated ten thousand geometry walking gait. The same cycles are repeated until 

the tenth walking gait cycles which are equal to 100 thousand walking gait cycles 

of wear effect. Python scripts were used to automate the repetition of cycles until 

the tenth step.  

 

7.3 Application of loads and boundary conditions  

To prescribe a cycle of walking gait motion, the walking cycle was developed by 

breaking the walking gait profile into 37 steps. The time period for each step is 0.1s 

which means the total time for one walking gait cycle is 3.7s. As discussed in 

Chapter 2, the loading is as specified in ISO 14243-3. 

 

Note that there have been a number of studies seeking to determine standardized 

loads acting through knee implants. For example, data is provided by Bergmann 
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et.al (2014) for patients with TKA undergoing daily routines, and shows higher 

loading then the ISO loads (by up to double the load). However, such data is more 

specific for TKA implants whereas the design analysed here is quite different, and 

for this reason the ISO data was chosen to be preferable. Also, note that the time of 

2.7 seconds used here was taken from stair-climbing gait (and is much longer than 

for typical gait cycles). Because this study does not involve velocity or acceleration, 

and is quasi-static, this time does not in fact affect the analysis; the ISO gait cycle 

data used is given as a percent of a gait cycle and is independent of time. The time 

here is associated with different flexion angles at different time increments, which 

involve different contact areas and sliding distances. The X-axis was set normal to 

the femur, the Y-axis is normal to the posterior femur, and the Z-axis is normal to 

the lateral femur. Six boundary conditions are prescribed to replicate the knee 

biomechanics; three in translations: superior-inferior, Tx, anterior-posterior, Ty, 

and medial-lateral, Tz; and three in rotation: internal-external rotation, Rx, 

adduction-abduction, Ry, and flexion-extension, Rz.  

 

All translational and rotational freedoms in the femur bones are coupled using a 

connector displacement in between two reference points as shown in Figure 7.2. 

The connector displacement is of the Cartesian-cardan type, which controls 

translational and rotational movement. The connector element represents the femur 

movement with the dynamic amplitude assigned as per the motion is given by ISO 

14243-3. The assignment is depicted in Figure 7.2.  

 

Passive element wires are applied to the medial and lateral sides. The passive 

element wires are assigned to give an additional constraint to the knee joint whereas 
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the passive element wires are prescribed Medial Collateral Ligament (MCL) and 

Lateral Collateral Ligament (LCL) properties of 339 MPa based on the study of 

Kraeutler et al. (2017).  

 

 

Figure 7.2: Boundary conditions prescribed on the knee model 

 

Knee loading is specified with knee joint contact forces as in the profile described 

in section 2.1 based on ISO 14243-3 on Tx. The translations Ty and rotations Rx 

and Rz were prescribed amplitudes as explained in section 2.1. However, Tz and 

Ry were set to zero because this data not available in ISO 14243-3. The tibia bone 

was set fixed in all directions. 

 

The interaction between the UHMWPE tibia assemblage and steel femur 

assemblage contacts was defined in Abaqus as a surface-to-surface contact. The 
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master surface was assigned to be the second femoral articulating layer while the 

UHMWPE tibia articulating layer was assigned as the slave contact interaction. The 

interaction property was assigned with the “Hard contact” property for pressure 

over closure, as in the BOR simulations. The coefficient of friction (COF) was 

assigned a value of 0.19 as acquired from the experiments as in section 4.4.9.3. All 

EAKP part components are assigned the tied constraint property to make all the 

components fixed to the bone and fixed each part. 

 

7.4 Meshing the model 

The femur and tibia bones were meshed with S4R 4-node doubly curved thin or 

thick wall shell elements, rather than solid elements, in order to reduce 

computational expense. All EAKP implant components meshed with three-

dimensional C3D8R 8-node linear brick elements. The entire UHMWPE tibia 

assemblage was discretised using 9715 three-dimensional C3D8R 8-node linear 

brick elements (12264 nodes) as in Figure 7.3.  

 

Figure 7.3: Mesh employed in A: the EAKP model,  C3D8R 8-node linear and B: 

in Bone, S4R 4-node doubly curved thin or thick wall shell element  
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Reduced integration in elements was implemented in elements to achieve faster 

computation as discussed in section 4.3 (Arjmandi et al., 2017). In the UHMWPE 

tibia assemblage, enhanced hourglass control was deployed to provide course mesh 

accuracy improvement as discussed in section 4.4 (Arjmandi et al., 2017). Mesh 

size was determined from mesh sensitivity studies of wear convergence, such that 

dependence of mesh element size on the wear result is avoided as discussed in 

section 7.6. 

 

7.5 Run Analysis 

After all model creation and configuration was complete, a job was created and 

submitted to the Abaqus solver. After the job completed successfully, an odb file 

was generated, and all the data requested (as mentioned in section 7.2.1) could be 

extracted. The odb output file for the EAKP model can be viewed in Abaqus 

visualisation as in Figure 7.4. 
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Figure 7.4: EAKP model in the output file after the job completed. The contour 

colours show different von misses stresses distributions on the EAKP 

 

7.6 Mesh sensitivity study 

A mesh convergence analysis was carried out similar to that for the BOR 

simulation, examining the convergence of contact pressure with element size. The 

analysis was carried out at the tibia articulating layer contact surface where the 

region is evaluated for wear volume. The mesh sensitivity study for contact pressure 

was also determined for two different flexion positions: standing position and 

maximum flexion. These were carried out at a fixed position with a force of 225N 

applied to the femur.  In the standing position, convergence was achieved for an 

element size approximately 2mm as shown in Figure 7.5. However, for convergence 

at maximum flexion angle, with the same parameters as used for the standing 

position, consistent contact pressure was not achieved until the element size was 

reduced to the order of 0.3mm, as shown in Figure 7.6. For this reason, the optimum 

element size for the complete EAKP simulation was determined to be 0.3. At this 
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mesh size, the contact pressure remains steady and does not change with further 

mesh refinement. Converged solutions were obtained using 9,715 brick elements 

with 12,264 nodes. The UHMWPE tibial component had 7,975 nodes in contact 

with the femur component contact surface. The final mesh is shown in Figure 7.3. 

 

 

Figure 7.5: Contact pressure mesh convergence study for the standing position in 

EAKP implant design 

 

 

Figure 7.6: Contact pressure mesh convergence study for the EAKP implant 

design (using a constant load and with a small contact area corresponding to 

maximum flexion)  

 

7.7 Wear analysis model 

In this study, the model was run with three different wear coefficients in order to 

compare the volume losses and maximum penetrations. The first wear coefficient 
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was that adopted from the BOR experiments as described in Chapter 4. This was 

the same wear coefficient used in the FEA verification also described in Chapter 4:  

Kw2 = 4.10 × 10-10 mm3 N-1mm-1. 

 

7.8 Contact pressure in a walking gait 

The forces applied to the femur during gait act on the knee and result in contact 

pressure between the femoral articulating layer and the tibia articulating layer. The 

magnitude and distribution of the contact pressure are important, as they, of course, 

affect the wear rates of the EAKP and, for severe conditions, could lead to a fracture, 

delamination or other damage to the tibia articulating layer. The geometry and 

features of the femoral articulating layer and tibia articulating layer are very 

important in determining the contact pressures arising there. Several studies have 

been conducted using different methods to measure the contact pressure on knee 

arthroplasty. It has been reported that the predicted and measured contact pressure 

in existing implants are inconsistent due to different measurement strategies and 

different types of implant geometry. For example, in a study by Sharma et al. 

(2007), contact pressures in patients with TKA were in the region of 22 MPa, but 

the maximum contact pressure of one subject reached approximately 32 MPa, 

attributed to large axial rotation and a consequent reduced contact area, whereas 

Szivek et al. (1996) report average contact pressures over the range 15-30 MPa.  

Peak contact stresses have been predicted from computational studies of up to 

nearly 100 MPa (Watanabe et al., 2017). 

 

As mentioned in section 7.3, the walking gait is divided into 37 steps, each step of 

0.1 seconds. The contact pressure (CPRESS) is evaluated at each of these steps. 
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Figure 7.7 shows the average contact pressure and contact area on the tibia 

articulating layer of EAKP FEA model, during the walking gait. The axial force 

was prescribed from ISO 14243 with 50% of knee loading, i.e. 50% of the load 

through the knee was assumed to go through the implant. 

 

 

Figure 7.7: Contact pressure and contact area estimation during walking gait in 

EAKP model 

 

At the early phase of walking gait, the average contact pressure is high at 60.5MPa, 

at 22% walking gait during single support leg. The loading is correspondingly 

higher at this phase with axial force a maximum with a peak of around 1285N. The 

second peak of average contact pressure is 50MPa and occurs at 54% gait cycle 

during the pre-swing phase. Both of these contact pressures are higher than those 

generally seen in conventional knee arthroplasty (Sharma et al., 2007).    
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During flexion-extension, the EAKP experiences variations in the contact area, due 

to the nature of the knee joint biomechanics which involves gliding, sliding and 

internal and external rotation. As observed at 89% of walking gait, the average 

contact pressure is quite high at around 43.74 MPa relative to the low loading of 

around 83.8N at this stage. This is because the contact area there is much smaller, 

around 0.9mm2, as depicted in Figure 7.8. This would result in higher penetration 

or wear depth in the point contact region which will be discussed further in section 

7.10. 

 

 

Figure 7.8: Point contact during flexion on EAKP contact surface (at 

approximately 90% of the gait cycle; see Fig. 7.7) 

 

Figure 7.9 shows the variation of contact pressure over the tibia articulating contact 

for the same case of 50% load sharing during one cycle of walking gait. The region 

of contact pressure moves location as expected during the walking gait, and also the 

location of maximum contact pressure changes continuously over the surface. The 

pressure varies in each of the 37 steps, and this leads to a relatively inconsistent 
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wear depth generation during each walking gait cycle. It was also observed that 

during walking gait, a point contact arises in a few locations near the edge of the 

femur articulating surface. The maximum point contact pressure predicted in the 

EAKP is 276MPa in step 23, Figure 7.9. The average pressure is around 60 MPa 

(see also Fig. 7.7). In this condition, the contact pressure is exceeding the yield 

stress of UHMWPE, which is around 40 MPa. This is not necessarily a problem, as 

material at the surface is often in a state of hydrostatic compression. Also, the 

material is under high pressure for only some part of the gait cycle, and high contact 

pressures are often seen in the literature (Szivek et al., 1996; Watanabe et al., 2017). 

In regions where there are high local stresses, there is likely to be localized plastic 

deformation; however, this will not be seen in the current elastic model. The 

maximum shear stress occurs sub-surface. According to the Hertz theory, this will 

be about 0.3 times the maximum contact pressure. (Failure in shear with a yield 

stress of 40MPa would therefore require a maximum contact pressure of about 

67MPa.) High shear stresses could lead to delamination after much cycling. This 

analysis shows that large loads through the implant could lead to bearing material 

failure and plastic flow. Therefore, from this point of view, it would not be advisable 

for the proportion of load through the implant to reach 50%.   
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Figure 7.9: The variation of contact pressure during one cycle of walking gait with 

a maximum contact pressure of 276 MPa. The units used in the figure are MPa. 

 

7.9 Sliding distance 

The contact sliding distances were extracted using the data from CSLIP1 and 

CSLIP2 as discussed in section 3.6.1. The CSLIP1 is the sliding distance on forward 

walking gait direction while CSLIP2 is for reverse walking gait direction. Figure 

7.10 and 7.11 shows the accumulated sliding distance at the tibia articulating layer 

contact for ten steps of walking gait. The different gradient contours show the 

different sliding distance at the contact surface. The maximum accumulated sliding 

distance for ten cycles of walking gait is 244.9mm. 
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Figure 7.10: The accumulated variation of relative slip for CSLIP1 in tibia 

articulating layer contact for ten steps of walking gait with maximum sliding 

distance is 244.9mm 

 

 

Figure 7.11: The accumulated variation of relative slip for CSLIP2 in tibia 

articulating layer contact for ten steps of walking gait with maximum sliding 

distance 189.6mm 
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7.10 Wear depth  

The EAKP model was run with wear coefficient of Kw2=4.10 × 10-10 mm3 N-1mm-1 

as acquired from the BOR experiment as in chapter 5. The distribution of wear depth 

is shown in Figure 7.12 at each ten-thousandths updated cycles.  

 

 

Figure 7.12:  Shows the distribution of wear depth on tibia articulating layer at 

each ten-thousandths updated cycle for wear coefficient of  Kw2=4.10 ×  10-10 mm3 

N-1mm-1 

 

As discussed before in section 7.2.1, each simulation step was extrapolated out to 

ten thousand. The contour shows the evolution of wear depth in every walking gait 

cycles. It can be seen here that the maximum depth penetration is 0.108 mm for 100 

thousand cycles. It is assumed that the wear rate is linear until 1 million cycles. 

Therefore, the depth penetration would be 1.08mm for one million cycles. With the 

thickness of the tibia articulating layer of 3mm, this will limit the tibia articulating 

layer where the tibia articulating layer will fail before three million cycles. As 
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discussed in section 7.8, the high contact pressure observed in the tibia articulating 

surface during walking gait leads to the large amount of wear depth observed here.  

 

7.11 Wear Volume 

Figure 7.14 shows the wear volume prediction for the EAKP implant with the BOR-

derived wear coefficients (for a 50% load sharing between implant and knee). For 

100,000 walking steps, the wear volume predicted was 2.77 mm3 for the BOR wear 

coefficient configuration of Kw2. With linear extrapolation, the wear volume at 1 

million cycles is predicted to be approximately 27.74 mm3 (26.21 mg). The 

magnitude of wear volume is of the same order as for conventional implants. For 

example, this is 46% higher than the 18 mg for an Oxford mobile bearing 

unicompartmental knee implant, with cobalt chromium femoral component (Netter 

et al., 2015), and 54% higher than the mean wear rate for conventional implants, 

quoted as 17 mg in (Haider, 2009). 

 

 

Figure 7.13: Wear volume prediction for the EAKP implant over 100,000 walking 

steps 
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The region of primary wear was inferior to the UHMWPE tibia articulating layer, 

as shown in Figure 7.14. This is as expected since 60% of the gait cycle contact 

occurs in this region. The wear contour in Figure 13 represents U1 or displacement 

of nodes on the contact surface in the x-direction (lower figure). 

 

  

Figure 7.14: Wear in the EAKP prosthesis: a) wear region on the tibial articulating 

layer (b) wear surface topography after 100,000 cycles (x5 magnification) with 

maximum penetration marked by the red dotted circle. 

 

7.12 Other Material Combinations 

In order to compare the effect of the wear coefficient, two wear coefficients were 

acquired from the literature: the first was Kw3=1.70 × 10-10 mm3 N-1 mm-1 for a 

configuration of UHMWPE and cobalt chromium (Hermida et al., 2003), and the 
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second was Kw4= 5.24 × 10-11 mm3 N-1 mm-1 for and the combination HXPLE and 

cobalt chrome (Hermida et al., 2008). 

 

The wear depth predicted by EAKP using the first wear coefficient is shown in 

Figure 7.15.  

 

Figure 7.15: Distribution of wear depth on tibia articulating layer at each ten 

thousandth updated cycles for wear coefficient of Kw3=1.70 × 10-10 mm3 N-1 mm-1 

 

The distribution of wear depth is again captured at intervals of ten thousand cycles. 

The maximum penetration is 0.05mm for 100 thousand cycles, equivalent to 0.5mm 

maximum penetration for 1 million cycles. The wear volume predicted in 100 

thousand walking gaits is around 1.06mm3, or a wear volume in 1 million cycles of 

10.6mm3 (10.18 mg). This wear coefficient was also used by Netter et al. (2015b) 

in simulations of an Oxford mobile bearing. They reported lower wear depths; 

however, their wear volume was 18.35 mg / million cycles, a difference of about 

44%. 
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The wear depth for the second configuration, with highly crosslinked PE, is 

depicted in Figure 7.16. 

 

 

Figure 7.16: Distribution of wear depth on tibia articulating layer at each ten 

thousandth updated cycles for wear coefficient of Kw4= 5.24 × 10-11 mm3 N-1 mm-1 

 

The distribution of wear depth is again shown at ten intervals. The maximum wear 

depth is 0.02mm per 100 thousand cycles. As in Figure 7.12, the maximum 

penetration occurs over only a small area, mainly on the edges of the chamfer on 

the tibia articulating layer. 

 

The corresponding wear volume was 0.22mm3 per 100,000 cycles, giving a wear 

volume at 1 million cycles of 2.28mm3 (2.11 mg). Netter et al. (2015a) used the 

same wear coefficient in a simulation of a Triathlon PKR fixed bearing implant, 

which resulted in a wear volume of 3.89 mg/million. Again, the wear depth was 

greater but the wear volume was lower for the EAKP due to a difference in the 

overall sizes of the implants. 
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Figure 7.17 shows the comparison of wear volume of configurations, the Oxford 

mobile bearing and Triathlon PKR. The wear volume comparison for all three cases 

discussed is depicted in Figure 7.18. 

 

 

Figure 7.17: Wear volume for EAKP with cobalt chromium configured with low 

cross-linked polyethylene and high cross-linked polyethylene 

 

 

Figure 7.18: Wear volumes as shown in Fig. 7.17 compared with the EAKP wear 

volume with the BOR wear coefficient 
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In terms of maximum wear depth penetration, based on average human walking 

gait, the EAKP is predicted to survive for around 3 million cycles, or approximately 

two years, and for up to 5 years with high-cross-linked UHMWPE. However, large 

contact stresses could lead to early failure so it would be recommended that the 

proportion of load through the implant should be less than 50%. Any further 

reduction in load proportion should lead to an increase in life expectancy of the 

implant. 

 

Possibilities for reducing contact stress are limited because of the constraints on the 

size of the implant and bearing surface width, so that ligaments and other tissue are 

not impinged. However, there is no doubt that a comprehensive study on the optimal 

materials to use in such an implant, with the aim being to minimise the wear 

coefficient, would be very beneficial. 

 

7.13 Summary 

In this chapter, the development of a full-scale FEA model of an EAKP has been 

discussed. The EAKP model was run with ten walking gait cycles, extrapolated out 

to ten thousand cycles per step. In the evaluation of wear volume and maximum 

depth penetration, the EAKP model was run with three different wear coefficients, 

two of them as used in the work of Netter et al. (2015). Results were compared for 

all configurations in terms of wear depth, maximum penetration and wear volume. 

The results indicate that the EAKP will not necessarily have very large wear 

volumes, but may suffer from large wear depths, as compared to conventional 
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implants. Also, it was shown that the wear in the EAKP should be considerably less 

if cobalt chromium and/or highly cross linked polyethylene were used. 

 

Chapter 8 will include the conclusions of the research and possible future research 

work in the area of EAKP development and analysis. 
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Chapter	8		

Conclusions	and	Future	Work	
In this short chapter, a summary and conclusions of the work will be given, and 

possible extensions to the work by researchers in the future will be given. 

 

8.1 Conclusion 

The aim of this research was to develop a validated simulation model of a realistic 

knee with an attached Extra Articulating Knee Prosthesis (EAKP) for the prediction 

of wear at the contacting surfaces; and to evaluate EAKP implant performance in 

the implant contact-regions, by predicting the wear that may occur there. Based on 

Block-on-Ring (BOR) experimental testing, a semi-analytical model of BOR wear, 

and the development of a full knee EAKP model and FEA wear simulations, the 

following summary and conclusions can be made: 

 

First, a simple geometry representing a Block-on-Ring (BOR) wear-simulator was 

successfully developed using Abaqus Finite Element (FE) software in order to carry 

out an initial analysis of wear prediction. This wear model was developed based on 

the classical Archard’s law to predict wear volume and wear depth based on contact 
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pressures and sliding distances as evaluated using the Abaqus computational model. 

The model results were in good agreement with experimental data obtained from 

the BOR wear tests: FE simulations tended to predict slightly higher wear volumes 

of approximately 5-6% than the BOR experiments. 

 

Second, validation of the computational wear model was done using a BOR 

experiment set up. The results show that the wear prediction for the different loads 

is reliable and confirming the correlation between the FEA and the physical 

experiment. 

 

Third, a complete virtual model of an EAKP-implant was developed based on the 

initial EAKP concept of Kumar (2017), by considering the functional importance 

of each component and its best positioning in the knee.  

 

Fourth, the wear model used to evaluate wear of an EAKP surface-contact was 

successfully developed whereby the virtual implant model was prescribed with 

realistic knee biomechanics and kinematics based on patient motion (from X-ray 

fluoroscopy data) and ISO 14243-3.  

  

Fifth, in terms of wear volume and maximum penetration on the EAKP contact, the 

EAKP was predicted to survive around 3 million cycles, which implies that the 

EAKP would survive for two years, at 1.5 million walking gait cycles per year. 

Other combinations of materials which give rise to smaller wear coefficients would 

be expected in practice, which would extend the life span of the EAKP in terms of 

wear. 
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It is hoped that the methodology and computational model examined here could be 

used in the future analysis and development of EAKP-type implants. 

 

8.2 Future work 

The EAKP is a new concept of a distracted knee implant. It has not yet been 

clinically tested and/or evaluated. The research reported here is one step: 

development of a comprehensive computational model and assessment of the wear 

behaviour between the components in contact, through experimental studies and 

computational simulations. The following research is recommended to be carried 

out in the future, to complement and extend the study carried out in this thesis: 

 

The focus is this study has been solely on wear. Further research should examine 

also the possibility of other causes of failure, for example corrosion effects. These 

other factors could make for higher wear rates and shorten implant life, or hasten 

failure in other modes. 

 

Another study which could be done in future is on possible crack propagation 

through the tibia articulating layer contact surface. A fracture study could again 

improve our understanding of implant life.   

 

Whereas the focus here was mainly on the contact between the femoral and tibial 

articulating layers, the distribution of stress and effects around the femoral and tibial 

plates is another important issue for investigation. Such a study is related to the 

fixation of the implant to the bones, as examined by Jayasankar (2015). Both load 
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distribution and fixation conditions determine the accurate load through the 

femoral-tibial joint. This could lead to the study of the effect of loading on bone 

density evolution over time and stress shielding effects. Such a study could be used 

to determine whether lossening of the implant on the bones might be a critical issue. 

Clearly, wear at the articulating surfaces will not be an issue if the implant loosens 

before wear is significant. 

 

A more comprehensive computational model could also be developed which 

incorporated meniscus, cartilage and ligaments. Such a model would be more useful 

in determining and setting the load sharing between the EAKP and meniscus (it is 

assumed to be 50% in this study), and for studying the stresses in the cartilage.  

 

In the current study it was assumed that the EAKP plates were perfectly bonded to 

the bones. In a future study, the details of attachment should be examined, analysing 

the possibility of a porous inner-surface to the plates to promote bone in-growth, 

and also possibly porous attachment screws to also promete in-growth. Such a 

(more realistic) set-up would require a thorough analysis of the bone/plate interface 

and an examination of the effect of attachment on the periosteum. 

 

It is hoped that the EAKP model and results of the current study can be used for 

further investigation and evaluation in the future. Such investigations could indeed 

help orthopaedic engineers to understand more regarding EAKP-type implants and 

further improvements could be undertaken to make for a viable implant, one that is 

ready for clinical testing. 
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Appendix	A:	

	Early	Development	of	Knee		

Prostheses	
 

A brief review of the development of knee prostheses, particularly in the 1970s, is 

given in this Appendix. 

 

A.1 Anatomical Approach 

The first generation of interposition arthroplasty is based on the anatomical implant. 

The models were developed to preserve both the posterior cruciate ligament (PCL) 

and the anterior cruciate ligament (ACL). The design provides a cut-out slot on the 

articulating femoral component as a passageway through the joint for the cruciate 

ligaments, as illustrated in Figure A.1. The first person who was reported to 

implement this approach was Yamamoto, from the Okayama University Medical 

School in Japan. The implant used constrained single-piece polyethylene tibial 

components in 1970 (Yamamoto, 1979).  The design was known as the Kodama-

Yamamoto knee. The femoral component consists of a femoral mold component 
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and an anterior femoral flange made of Chromium base alloy. The tibial tray was 

designed as a 1-piece of mildly dished polyethylene that provides a central cut-out 

as a passageway for the preservation of both cruciate ligaments. There were about 

10 anatomical knee implants designed and developed between the late 1960s and 

the 1970s. 

 

 

Figure A.1: Anatomical approaches  

 

A.2 Functional Approach 

The second generation was developed based on the functional design approach. 

Here, the implant was introduced to maximize the surface area and reduce 

polyethylene stress (Robinson, 2005). This approach usually requires the sacrifice 

of the cruciate ligaments; the joint surface geometries are permitted to be non-

anatomical.  In some cases, surgeons choose to avoid cruciate ligament sacrifice in 

functional designs by the intervention of movable articulating surfaces, which avoid 

ACL and PCL contact, but in most cases these ligaments are removed from the joint. 

The first knee implant derived from this concept is the Total Condylar prosthesis 

(TC), as shown in Figure A.2. This concept became a keystone of modern TKA. It 

was developed in 1973 at the Hospital for Special Surgery in New York (Insall et 



 
 

223 
 

al., 1976). The TC implant comprises an articular surface made of polyethylene and 

two symmetrical condylar surfaces with a decreasing radius of posterior curvature, 

perfectly consistent in extension and partially congruent in flexion. This implant 

concept was reported to be widely used, highly successful, and to demonstrate long 

survival rates (Vince et al., 1989). However, concerns were pointed out during the 

early stages of its clinical trial: The femoral component should move forward, 

especially in the flexion phase. If not, it would result in anterior dislocation or tibial 

loosening. Other than that, this implant also had a limitation in the degree of flexion 

achieved. The average flexion achieved reported was 90°  (Robinson, 2005). The 

Insall-Burstein prosthesis, illustrated in Figure A.3, was designed in 1978 to correct 

these problems. The improvement made was that the posterior cruciate ligament 

(PCL) was replaced with a mechanical lock. A mechanism of a cam articulated with 

a post on the tibial component moderates the posterior translation of the femoral 

component (Amendola et al., 2012). On average, the possible flexion achieved is 

115° (Abdeen et al., 2010). Overall, including these developments, there were about 

13 functional knee implants designed and developed between the late 1960s and the 

1970s. 

 

Figure A.2: Total Condylar prosthesis (TC) 
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Figure A.3: Insall-Burstein prosthesis; -IB-I allpoly 

 

A.3 Mobile Bearing 

More improvements were made in the late 1970s to provide more realistic motion, 

and more new features were introduced by different inventors and manufacturers. 

The basic implant concept and approach did not change much from the earlier 

basic concepts. During gait, the contact surface between the femoral component 

and tibial articulating surfaces have internal and external rotation. A better 

understanding of this behavior and knee biomechanics led to the adoption in knee 

design of rotating platforms in motion during gait. In 1977, the first mobile 

bearing knee implant was developed by Buechel and Pappas. The functional 

design was the predecessor for their New Jersey Low Contact Stress (NJLCS) 

knee model (Chu, 1999; Robinson, 2005). 
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Appendix	B:	

	Total	Knee	Arthroplasty		

(TKA);	surgical	procedure	
 

The Total Knee Arthroplasty operation starts with an incision in the front of the 

knee, which provides access to the knee joint. A special tool is attached to the distal 

femur to maintain the leg’s original angle. Diseased bone is cut away from the distal 

femur so that the femoral component can be attached as shown in Figure B.1(a). 

Then the proximal tibia is cut and also attached with a tool to ensure proper 

alignment depicted in Figure B.1(b). After that, the preparation of the patella is 

carried out by resurfacing under the knee cap as illustrated in Figure B.1(c). The 

femoral component is then inserted to the distal femur as shown in Figure B.1(d). 

There are two variants of implant fitting; cemented and uncemented. The cemented 

knee implant is held in place with epoxy cement. The uncemented knee implant has 

fine mesh holes on its surface to allow the bone to grow in and attach the implant 

to the bone. In order to fit the uncemented femoral component, the implant is held 

at the end of the bone with a tapered cut on the bone, which is made to exactly 

match the femoral implant size. For the tibial part, two components are inserted: 
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metal tray and plastic spacer as shown in Figure B.1(e). The metal tray is inserted 

onto the proximal tibia and secured either by epoxy cement if it is of the cemented 

type, or held by screws if it is of the uncemented type. The screws ensure that the 

metal tray remains in place until bone grows into its porous surface. After the metal 

tray has been placed onto the proximal tibia, a plastic spacer is attached on top of 

the metal tray. This plastic tray will be in contact with the femoral component and 

experiences rolling and sliding. If it is worn out, the plastic tray alone can be 

replaced if the other components are still in good condition. The last step is the 

fitting of the patella component as illustrated in Figure B.1(f). Normally it is 

attached and secured with epoxy cement. 

 

 

Figure B.1: TKA procedure; (a) Femur (b) Tibia (c) Patella preparation (d) Femur 

(e)  Tibia (f) Patella component placed (Scmidler, 2017) 

 

 




