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Abstract 

 

Misalignment of the tibial component in the sagittal plane is one of the causes for the failure of 

Total Knee Arthroplasty (TKA). The aim of this thesis was to develop a computational study of the 

mechanical effect of this misalignment, in order to improve the TKA procedure, leading to higher 

reliability of the prosthesis and lower post-surgery complications.  

To achieve this goal, the shear stress on cement interfaces was analysed, by varying the tibial 

slope in the sagittal plane, in order to assess in which way the slope influences the fixation of the 

cement between the bone and implant. Two geometric models were created: an actual 3D 

representation of the tibia and the respective tibial components (realistic model); and a simplified 

model for a better understanding of the interface behaviour. Both models were subjected to a Finite 

Element Analysis (FEA), varying the slopes in the sagittal plane from an anterior slope of 6° to a 

posterior slope of 4°, with increments of 1°. Moreover, two different load cases and two interface 

configurations were considered. 

The results for the simplified model show an agreement with the clinical assumptions. Generally, 

the shear stress increases with the increase of the slope, which may indicate a possible cause of 

failure. The realistic model was also analysed, being these results somewhat inconclusive. Further 

investigation on the tibial component stability is needed to relate the slope in the sagittal plane with the 

prosthesis performance.  

 

 

 

Keywords: Biomechanics; Total Knee Arthroplasty; Finite Element Method; Slope; Sagittal Plane; 

Cement Interfaces. 
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Resumo 

 

O desalinhamento da componente tibial no plano sagital é uma das causas de falha na 

artroplastia total de joelho (ATJ). O objetivo desta tese foi desenvolver um estudo computacional do 

efeito mecânico deste desalinhamento, de modo a melhorar o procedimento cirúrgico da ATJ, levando 

a uma maior fiabilidade da prótese e a menores complicações pós-operatórias. 

Para alcançar este objectivo, analisou-se a tensão de corte nas interfaces do cimento fazendo  

variar a inclinação da componente tíbial no plano sagital, de modo a avaliar de que forma a inclinação 

influencia na fixação do cimento entre o osso e o implante. Foram criados dois modelos geométricos: 

uma representação real 3D da tíbia e dos respectivos componentes tibiais (modelo realista); e um 

modelo simplificado para uma melhor compreensão do comportamento na interface. Ambos os 

modelos foram submetidos a uma Análise de Elementos Finitos, variando as inclinações no plano 

sagital a partir de uma inclinação anterior de 6° até uma inclinação posterior de 4°, com incrementos 

de 1°. Além disso, foram considerados dois casos de carga diferentes e duas configurações de 

interface. 

Os resultados para o modelo simplista mostram uma concordância com os pressupostos 

clínicos. De um modo geral, a tensão de corte aumenta com o aumento da inclinação no plano 

sagital, o que poderia indicar uma possível causa de falha. O modelo realista também foi analisado, 

sendo estes resultados pouco conclusivos. Uma investigação adicional sobre a estabilidade do 

componente tibial é necessária para relacionar a inclinação no plano sagital com a performance da 

prótese. 

 

 

 

 

 

Palavras-Chave: Biomecânica; Artroplastia Total do Joelho; Método dos Elementos Finitos; 

Inclinação; Plano Sagital; Interface Osso-implante. 
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CHAPTER I  

1. Introduction  

1.1. Motivation 

 

Total Knee Arthroplasty (TKA) is widely used worldwide and just in the United States of America, 

more than 600,000 joint surgeries per year have been performed [1]. Although the TKA is currently an 

orthopaedic procedure with an elevated success rate, a set of parameters must be preserved during 

the intervention surgery. The proper alignment of the prosthesis is critical to patient satisfaction and is 

also decisive for the longevity of a TKA [2,3]. Even though, the adequate cutting angle of the anterior-

posterior slope of the tibial component is usually referred as an important factor of stability after TKA, 

but these effects have not been clearly determined [4,5].  

Engineering methods, such as the finite element (FE) method, can be used for preclinical 

testing of joint implants, being possible to simulate a surgical intervention. Moreover, these methods 

allow for the study of some biomechanical aspects, such as bone-implant interface stresses and 

micromovements, which are difficult to simulate and investigate in vitro [6]. Thus, the FE method can 

be relevant for the better understanding of biological and mechanical changes induced in the bone 

tissue, due to the interaction with orthopaedic implants, therefore helping the surgeons in minimizing 

the measurement errors and improving the technique to ensure proper alignment of TKA, associated 

with a better outcome in long-term. 

 

1.2. Background and Objectives 

 

The variation of the tibial angle has been frequently studied in the frontal plane and only few 

publications consider these variations in the sagittal plane [3,7,8]. This is quite surprising, since there 

are so many clinical problems resulting from the an incorrect posterior slope at the tibial component 

[7]. Many clinical studies reveal that there is a relationship between the tibial cut angle and the tibial 

component longevity [3,9,10], wherein an inappropriate cutting angle of the posterior tibial slope 

results in dislocation of the tibial component, aseptic loosening and affects the range of motion [11–

13]. Despite the several clinical studies carried out to understand the best alignment of the TKA in the 

sagittal plane, some subjects are still needed to be explored. 

In order to improve this problem, it is important to be aware of the work already done in this 

direction. To decide the sagittal prosthetic alignment, several methods have been tried, where it is 

important to highlight the conventional techniques and the navigation systems. In the conventional 

techniques, sagittal prosthetic alignment is based on limited anatomic features that are palpable 
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during surgery and determined intraoperatively with intramedullary or extramedullary rods. In the 

navigation systems, sagittal prosthetic alignment is based on the mechanical axis of the entire femur 

and tibia [3]. Although there are several efforts being made, the optimal prosthetic alignment for a TKA 

in the sagittal plane is still unknown [3–5].  

Hoffmann et al. [10] suggested that an angle cut identic to the anatomical angle of the 

posterior slope is able to reduce the anterior subsidence and the failure of the tibial components, 

compared with the tibial cut perpendicular to the long axis of the tibia. Though the perpendicular 

position of the long axis of the tibia is considered by several authors [14,15]. 

Bai et al. [9] verified that an anterior slope cut may lead to larger posterior dislocation and 

higher tensile strains in the anterior tibia, whereas the increased posterior slope angle leads to the 

reduction of the tibial anterior compressive strain. Due to this, the authors concluded that the tibia cut 

at 0° or 3° posterior slope provides the greatest tibial component stability.  

This study was proposed by Professor Dr. João Gamelas, an orthopaedic surgeon, 

specialized in the knee joint. The clinical practice of the TKA predicts that for the alignment in the 

sagittal plane not exceeding the 3° degrees does not influence straightforwardly the clinical 

performance. Given other values for the tibial slope there is a higher probability of compromise in the 

fixation of the cement between the bone and the implant, hence influencing the longevity of the TKA. 

The purpose of the present study is to evaluate in which way the slope in the sagittal plane 

influences the fixation of the cement between the bone and implant, through shear stresses 

distribution analysis of the bone-cement and implant-cement interfaces and to investigate from which 

slope the clinical performance is affected. To accomplish this goal, a FE model is developed, in order 

to predict the effects of the sagittal slope and mechanical changes in the bone-implant interface after 

TKA. In this way, this study may help improve the procedure for TKA surgery, leading to higher 

reliability of the prosthesis and lower post-surgery complications. 

 

1.3. Thesis Outline 

 
Apart from this chapter, this dissertation is divided into four main chapters: 2. Knee Joint, 3. 

Computational Modelling, 4. Results and discussion and 5. Conclusion and future development. 

This thesis is organized as follows. Chapter 2 describes the anatomical and biomechanical 

characteristics of the knee joint as well as the pathologic conditions, the basic concepts of knee 

arthroplasty and knee prosthesis. In Chapter 2 is also presented the some aspects of surgical 

procedure to understand the main requirements to successfully perform a TKA.  Chapter 3 describes 

the fundamental steps on geometric modelling of the bone and the tibial components of the TKA 

prosthesis, which represents the realistic model. Then, the steps involved in finite element analysis are 

explained, which include the definition of materials properties, the interfaces interaction, the 

application of loads and boundary conditions and mesh generation. Moreover, in order to understand 
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the influence of the slope of the tibial component, a simplified model was developed for further 

comparison with the realistic model analysis. 

In Chapter 4, the results regarding the performance of the model are evaluated and discussed. 

The results for different combination of loading and contact interactions are present in terms of shear 

stress distribution, through the bone-cement and the implant-cement interfaces. Chapter 5 provides 

some conclusions and some indications for future work that may complement this study. 
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CHAPTER II 

2. Knee Joint 
 

The variety of postures and movements of the human being is determined by body structures 

able to respond to forces that produce and control body joints movement [16]. One of the most 

complex ones is the knee joint, organized in a complex three dimensional geometry and multibody 

articulations located in a single joint capsule: the tibio-femoral joint- the articulation between the distal 

femur and the proximal tibia; and the patello-femoral joint- the articulation between the posterior 

patella and the femur, responsible to generate complex mechanical responses under physiological 

loads [17–19]. This anatomic structure provides mobility and supports the body‟s weight during static 

and dynamic activities [16,20], and it has a fundamental role for the knee stability. 

Proper knowledge of the knee joint biomechanics is fundamental in order to guarantee a better 

understanding of the procedures involved throughout this work. Therefore, this chapter reviews the 

anatomical and biomechanical characteristics of the knee joint. Moreover, the pathologic conditions, 

basic concepts of artificial knee replacement and surgical procedure are also discussed. 

2.1. Anatomy 

The knee consists of three bony structures: the femur, tibia and patella included in the joint 

capsule, that is connected with articular cartilage, medial and lateral menisci, four principal ligaments 

(collaterals and cruciates) and muscles that contribute either to participate in the angular motion or to 

stabilize the joint [17,20,21] and, which can be seen in Figure 2.1. The combination of these anatomic 

structures reveals the high complexity of this joint. This sub-chapter will enable a full understanding of 

the composition and functionality of each structure forming part of the knee joint. 

 

 

 

 

  

 

 

 

 

Figure 2.1: Anatomy of the knee joint, anterior view [71]. 
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2.1.1. Bones 

The knee is the meeting point of the femur and the tibia, both bones being the strongest in the 

human body [21]. The tibia in turn is connected to the fibula but this is not directly affected by the 

hinge joint action.  

The articular surfaces of the femur are composed of two convex areas, the condyles, which rest 

on the tibia. The condyles are inferiorly separated by the intercondylar fossa, the deep fossa between 

the femoral condyles in which the cruciate ligaments are attached, and are anteriorly united by the 

femoral trochlear groove, a smooth shallow articular depression where the patella makes contact with 

the femur [16]. Additionally, the proximal articular surfaces of the tibia are constituted by the medial 

and lateral tibial condyles or two plateaus. These plateaus are separated by a roughened area and 

two bony spines, the intercondylar eminences. During knee extension, these eminences become 

lodged in the intercondylar fossa. The tibial plateaus are predominantly flat, with a slight convexity at 

the anterior and posterior margins, which suggests that the bony architecture of the tibial plateaus 

does not match up well with the convexity of the femoral condyle. Because of this lack of bony stability, 

accessory joint structures (menisci) are necessary to improve joint congruency [16]. 

Another bone, the patella which presents an oval shaped articular surface, is situated in the 

centre of the knee. It represents the largest sesamoid bone, which is embedded in the tendon of 

quadriceps femoris, anterior to the distal femur (femoral condyle) [21,22]. Its function is not only to 

relieve friction between the bones and muscles when the knee is bent or straightened but also to 

protect the knee joint [22]. 

The joint surfaces where these bones interact are covered with articular cartilage, fibrous 

connective tissue continuous, which together with the ligaments of the knee hold the joint in place. 

Remaining surfaces (the hollow space) are covered by the synovial membrane which releases a fluid 

that lubricates the knee to reduce friction and wear [22,23]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: a) Anterior View of Right Distal Femur [74]; b)  Anterolateral View of left Proximal Tibia [75]. 

a) b) 
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2.1.2 Menisci 

The menisci, also referred as semilunar cartilages, are a pair of semicircular shapes of 

fibrocartilagious tissue consisting of lateral and medial meniscus [24,25]. This anatomical configuration 

is interposed between the femoral and tibial condyles [21,24].  

Both cartilaginous tissues provide the structural integrity needed to the knee, protecting the 

vulnerable transition between soft and hard tissues.  

During the movement, the menisci are able to distribute loads, dispersing the weight of the 

body.  For this reason, the joint contact stresses and the friction between the femur and the lower tibia 

are reduced, protecting the joint surface and bone ending. Furthermore, this structure increases 

congruity and contact area, since, as stated in [25] its inexistence would income in a reduction of 50% 

to 70% in the contact area between the femoral condyles and flat tibial plateau. Thus, this 

configuration acts as shock absorption and lubrication, resulting in a very low friction between the 

articular surfaces.  Therefore, the study of the structure that is responsible for the structural integrity 

and smooth movement of the knee has great significance. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.3: Superior view of the left tibia, showing the menisci and attachments of the cruciate ligaments [22]. 
 
 

 

2.1.3. Ligaments  

The presence of ligaments which surround the joint capsule of the knee is crucial, since it 

ensures the proper alignment of the structures, providing greater stability to this joint. The ligaments, 

composed of connective tissue, can be divided in two main types, the collateral and the cruciate 

ligaments, according different functions that maintain the optimal knee stability in every position. The 

collateral ligaments are found at the outer surfaces of the knee joint, one on each side of the joint. 

These ligaments are distributed in medial and lateral, both being responsible to stabilize the hinge-like 

motion of the knee, obstructing the sideways motion on the frontal plane. The medial collateral 

ligament (MCL) is a strong flat band that extends from the medial condyle of the femur to the medial 

http://en.wikipedia.org/wiki/Femur
http://en.wikipedia.org/wiki/Tibia
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condyle of the tibia. It prevents the knee from collapsing inside, resisting to the valgus forces, the 

forces acting from the outer surface of the knee.  

In turn the lateral collateral ligament (LCL) binds the lateral surface of the joint, which is 

extended from the lateral condyles of the femur, to the lateral side of the fibula head. This ligament 

limits the excessive lateral rotation of the tibia and resists to the varus forces, including impacts from 

the inner surface of the knee [17,21,26]. 

Regarding the cruciate ligaments, these are located inside the knee joint in the intercondylar 

region and ensure anterior-posterior stability of the joint. The length of the anterior cruciate ligament 

(ACL) is extended from the anterior or front of the tibia to the posterior or back of the femur and has 

the purpose of limiting the anterior movement of the tibia. The posterior cruciate ligament (PCL) 

restricts the posterior movement of the tibia in relation to the femur [17].  

Although more emphasis was given to the ligaments, which connect the knee bones to the leg 

muscles, rather than to the tendons, the latter have also an important role in the structural stability. 

Both structures are responsible to keep the joint´s surfaces together, providing stability and guiding 

motion. 

2.1.4. Kinematic knee 

The main movement performed by the knee is the rotation in the sagittal plane, resulting in 

flexion and extension of the tibio-femoral joint (the primary angular motion). Medial-lateral 

(internal/external) and varus-valgus (abduction/adduction) motions can also occur to a shorter extent, 

depending on the flexion-extension position of the knee [16]. 

The tibio-femoral joint is a six degrees-of-freedom joint and its stability is determined by a 

combination of actions from ligaments, muscles and tendons. However, only the rotation in the sagittal 

plane and the rotation in the plane perpendicular to the mechanical axis of the joint plane presents 

practical function, the others degrees of freedom result from the physical interaction between the 

structures that constitute the knee [27,28]. 

 

 2.2. Bone Tissue  

 

The bone is a connective tissue, composed by a matrix of intracellular materials that surrounds 

different types of cells: osteogenic cells, osteoblasts, osteocytes, and osteoclasts. The  bone matrix is 

constituted by organic and inorganic components which confer strength and stiffness to the bone, 

respectively [21]. 

As the bone tissue has small gaps between the cells that constitute it, it is not considered 

completely solid. Depending on the size and distribution of the spaces, the regions of the bone may be 

classified as cortical and trabecular [21].  
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The cortical bone presents low porosity (5-10%) and high density in its composition, constituting 

the external layer of all bones and the bulk of the diaphysis of long bones. Its function is to provide 

support and protection, assisting the long bones resisting the stresses applied on them. 

Microscopically, the cortical bone is constituted by concentric lamellar bone layers arranged in 

repeating structural units called osteons or haversian systems. A central canal (haversian canal), 

around which the bone lamellae are arranged, extends longitudinally through the bone and involves a 

set of blood vessels, which are responsible for irrigating the bone [21]. 

In contrast to cortical bone, the trabecular bone presents high porosity (50-95%) and low 

density, thus yielding low stiffness. It is usually found in the core of the epiphysis of long bones and in 

the short, flat, and irregularly shaped bones. It consists mostly of trabeculae, an irregular latticework of 

thin columns of bone filled with red bone marrow. These characteristics confer support and protection 

to the red bone marrow and reduce the overall weight of the bone [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Bone Tissue [29]. 
 

 
 

2.3. Knee Arthroplasty 

2.3.1. Pathologic conditions 

As previously described, due to the high complexity of the knee, this structure is susceptible to 

more injuries and other conditions of pathological origin [16,20]. The knee supports body weight and 

absorbs shock being exposed to high stress forces during the activities of the daily living. Over time, 
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these stresses can cause frequent injuries and degenerative damage of the ligaments and the 

tendons and the articular cartilage of the knee can wear down on the end of the bones. Such 

alterations lead to a dysfunction of the bone‟s surface inside the joint [16,30]. The main causes that 

affect the knee joint damage are the osteoarthritis, rheumatoid arthritis and post-traumatic arthritis. 

Osteoarthritis, the most common form of arthritis, is a degenerative joint disease. It can occur 

when ligaments stretch and loosen, allowing for the bones to move freely and creating greater friction 

(Figure 2.4).  If the cartilage slowly degenerates (small pieces of cartilage break off) and the bone 

ends become exposed, there is a greater limitation of movement, causing inflammation and pain. 

People with severe degenerative joint disease may be unable to perform normal activities that involve 

knee bending, such as walking or climbing stairs, since the activities become quite painful as a result 

of the disease [17,30]. Rheumatoid arthritis is an autoimmune disease in which the body‟s immune 

system reacts to and degrades its own tissues. The primary symptom of rheumatoid arthritis is the 

inflammation of the synovial membrane that coats the inside of the joint, with subsequent joint pain, 

swelling and loss of function [19,30]. Post-traumatic arthritis of the knee, in contrast to osteoarthritis or 

rheumatoid arthritis of the knee, can strike at any age and time as a result of a serious injury [31]. 

While some non-surgical therapeutic interventions are available, namely medications and 

physiotherapy, when these fail and the above-mentioned disorders become severe, surgery should be 

considered. Over the years, knee arthroplasty, also known as knee replacement, has become a 

routine surgery, in which the damaged part of the knee joint is replaced by artificial components - 

prostheses, with the goal of relieving pain and recovering the range of motion [19,30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Frontal X-Ray- Knee with a severe Osteoarthritis [30]. 
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2.3.2. Artificial Knee Replacement 

Depending on some factors such as the anatomical aspects of the patient, anatomical aspects 

of the pathology, predictable duration of implants and morbidity of the technique [7], the type of knee 

replacement used to treat a particular patient differs and it is important to select an appropriate 

artificial knee replacement as a correction method. Therefore, two approaches can be used: the 

Unicompartimental Knee Replacement (UKR) also called a partial knee replacement or Total Knee 

Replacement (TKR). In a UKR, only one side of the knee joint is replaced while in a TKR, the diseased 

or damaged cartilage is removed from the distal end of the femur, proximal end of the tibia [19]. 

2.3.2.1. Unicompartimental Knee Replacement (UKR) 

The UKR can be considered as a treatment option for a particular group of arthritis patients, in 

which only the medial or the lateral articular surfaces of the knee may be affected by the disease. In 

this way, the damaged part of the joint is removed, through a smaller incision and soft tissue 

dissection, and then  replaced by the UKR, preserving the anterior and posterior cruciate ligaments 

[17]. 

The surgical intervention of the UKR is a less invasive procedure that the TKR, since the 

incision is smaller with less bone and soft tissue dissection. Furthermore, the rehabilitation is much 

faster and with less complications that the TKR. However, a greater accuracy during the surgical 

intervention (less tolerance to technical errors) is required and presents less durability when compared 

with TKA. The most common type of failure in UKR is aseptic loosening, which consists of the 

dislocation of the prosthesis in the bone due to mechanical or non-infectious biological cause [7]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: X-ray of the knee joint: a) the lateral compartment has a normal joint space and the medial 

compartment has severe arthritis; b) the same knee after UKR [72]. 
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2.3.2.2. Total Knee Replacement (TKR) 

During the TKR, the damaged or diseased cartilage or bone are removed from the distal end of 

the femur and the proximal end of the tibia by cutting these articular surfaces. Afterwards, the surfaces 

are replaced with appropriate implant, artificial prosthesis, thus enabling the implant to assume the 

natural knee function and motion [21]. This type of surgery is still one of the most efficient treatment 

modalities for patients with advanced osteoarthritis of the knee [13].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The TKA requires a more invasive surgical intervention than UKA, as well as longer and more 

complex rehabilitation. Nevertheless, the components that constitute the TKA have a greater fixation 

power to the bones (larger contact areas and longer rods) than UKA. Furthermore, it provides more 

durability (exceeding 15 years), preservation of bone stock, retention of both cruciate ligaments, 

preservation of other compartments and better knee kinematics [32]. 

 

 

2.4. Knee prosthesis 

 

Currently, there are several models of knee implants available. Different sizes and designs are 

available, depending on the material, the joint connection and the bone-implant fixation [33]. 

Therefore, the surgeon has the responsibility to choose the most appropriate artificial knee for each 

patient.  

Figure 2.7: X-Ray knee joint: a) lateral and medial compartment have severe arthritis; b) the same knee after 

TKR [72]. 
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The artificial knee implant is made up of three main parts: the femoral component, the tibial tray 

and the tibial insert. Sometimes the replacement of the patella may also be needed. The assembly of 

the components of the prosthesis can be seen in figure 2.7.  

A brief description regarding general characteristics of the standard tibial components of the 

P.F.C Sigma knee System, the artificial prosthesis used in this study, will be reported next. 

The femoral component is designed to maximize contact area on the articulating tibial insert 

while minimizing the average peak stresses on the polyethylene. The femoral component is similar to 

the distal end of the femur, displaying a rounded coronal condylar geometry. This component 

incorporates a spherical radius patella groove which articulates with a matching domed patellar 

implant and promotes the normal kinematics of the patellofemoral joint [33].  

The tibial tray component is projected to provide optimal tibial coverage and consistent femoral 

load transfer to the proximal tibia.  It has a cruciform keel design that maximizes resistance to 

rotational forces as well as proving fixation and stability to the tibial component. Furthermore, stem of 

the tibial tray incorporates a 3° posterior slope on the stem which guarantees that the longer 

intramedullary rods follow the correct course, as it was determined in a few cadaver studies [33]. Both 

the femoral component and the tibial tray are made of metal alloys (titanium, cobalt or aluminium) with 

excellent corrosion resistance and biocompatibility, not creating a rejection response in the body [33].  

The tibial insert is inserted into the tibial tray, and on the other side it presents a rounded 

coronal shape that maximizes contact area with the femoral component. This component improves 

shock-resistance of the joint and it is responsible for transferring the loads, which behaves as artificial 

cartilage between the femoral component and the tibial component [17]. It is composed of UHMWPE 

(high density polymer), which has high wear resistance and it is an important parameter that affect the 

longevity of the implant and may lead to a revision surgery [34].Sometimes, the posterior cruciate 

ligament is sacrificed and in order to compensate for the absence of the stabilization that was provided 

by the removed ligament, the tibial insert includes a central spine that engages in the corresponding 

intercondylar fossa in the femoral component [32,33]. The patellar component, also made of 

UHMWPE, is oval shaped which enables replacing the cut surface of the patellar bone. It has a dome 

geometry that articulates with the femoral component‟s patellar groove and consequently maximizes 

the knee‟s range of motion [33].  
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As the objective of this work is to analyse the shear stress between the cement interfaces by 

varying the slope of the tibial component in the sagittal plane, only the tibial tray and the tibial insert 

were modulated being the modeling of the others components pointless. The cemented method uses 

polymethylmethacrylate (PMMA), also known as bone cement, which provides the mechanical fixation 

of the implant components to the bone. 

2.5. Surgical procedure 

 

The success of the TKA surgery depends on a range of criteria that must be followed during the 

whole surgery. The correct alignment and positioning of the prosthesis components, the prosthetic 

design, the appropriate sizing of components [7,33,35,36], are some of the requirements that may 

affect the results in the short, medium or long-term. These requirements are not easy to follow and an 

instruction manual for surgical intervention [35] created by the manufacturer of the prosthesis is in fact 

necessary. 

To begin the surgery, the surgeon makes an incision on the front of the knee and the patella is 

put aside, thus remaining exposed the area needed to perform the surgical procedure. With the use of 

specific instruments, namely extramedullary and intramedullary alignment rods, which are used to 

improve the accuracy of the alignment of implants, the distal femur and the proximal tibia are 

accurately cut into a shape that matches the corresponding surface of femoral and tibial component, 

respectively. Typically, the accurate alignment of the proximal tibia is guaranteed through the 

resection at 90º to its mechanical axis with a level of about 10 mm based on the less involved condyle 

(Figure 2.8) [35,37]. The targeted sagittal prosthetic alignment towards the tibial axes differs according 

to the prosthetic design, because some prosthesis are designed to be implanted with a posterior slope 

Figure 2.8: Assembly of the standard tibial components of the P.F.C Sigma knee System  (adapted from the [73]). 
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toward these axes, being usually set to 3° of the posterior during the resection of the proximal tibia 

[3,7,33]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Ressection of the tibial surface (adapted from [35]). 

 

After the surgeon performed several tests with trial implants, the choice of the most appropriate 

size of the components is made, enabling stability and overall alignment. This way, the chosen tibial 

and femoral components are inserted into the respective bones, and posteriorly the tibial insert is 

snapped to sit between the tibial component and the femoral component, providing support for the 

body as well as bending and flexion of knee. Before returning the patella to its normal position, if 

needed, the patella is resurfaced with the patellar component, allowing the patella to be able to glide 

smoothly over the prosthetic joint [35]. A medical decision about the type of stem to use to help fix the 

implant into the bone must be taken. In general, surgeons prefer to cement the interfaces of the distal 

femur and proximal tibia, which allows the cement to penetrate into the spongy bone‟s porous surface, 

thus the implants fit perfectly into the irregularities of the bone [38]. After implantation, due to biological 

fixation by bone-implant, the bone begins to attach to the cementless stem, enabling the prosthesis 

stability [39].  

The fulfilment of previous criteria leads to a successful TKA, providing the restoration of the 

function and pain relief. Even if these criteria are followed rigorously, the achieved outcome does not 

completely stand the test of time [40]. The TKA is associated to several potential complications and 

failure mechanisms, such as: loosening, dislocation or wear of the replacement components, tibio-

femoral instability and infection or fracture of the femur or tibia [7,28,35,41]. 

One of the most frequent causes of failure after TKA is related to aseptic loosening [42]. 

Loosening commonly occurs when the bone-cement interface starts creating instability and, the 

prosthesis becomes loose inside the tibia, so it may move and lead to the failure of the joint 

replacement. The tibial loosening may be associated with changes in prosthetic component 

orientation, loss of normal axial alignment and bone or prosthetic fracture. Furthermore, uneven 
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distribution of stress transfer between the prosthesis and tibia contributes the main cause of loosening 

[43].  

Less favorable clinical results with higher revision rates are seen following components‟ 

misalignment [44]. Errors in the surgical technique, particularly regarding imprecisions of the bone 

cuts, are a factor that threatens the fixation durability [7]. Interface discontinuity may provide new 

insights for better understanding of initial instability of orthopaedic implants, which is correlated with 

the detachment at the bone-implant interface [43]. 
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CHAPTER III 

3. Computational Modelling 
 

This computational work can be divided into two main stages: the creation of the geometric 

models and the numerical simulation of the problem by means of the finite element (FE) method. 

Regarding the geometric modelling, the fundamental steps in the modelling of the 3D model of 

the bone and the respective tibial components of the TKA prosthesis are described below. Then, an 

explanation of how the assembly of the tibia with the tibial components was performed in order to 

represent a realistic model is also given.  

As already mentioned, the purpose of this study is to analyse the shear stresses generated at 

the bone-cement and implant-cement interfaces by varying the slope of the tibial component in the 

sagittal plane and the consequent detection of the critical angle where this component detaches from  

the tibia. For that purpose, eleven different geometric models were built to perform the analysis. For 

each model a suitable FE mesh is generated, the material properties, the contact formulation as well 

as the loads and the boundary conditions are defined. 

A simplified 3D solid model was also created, which will be subsequently used for comparison 

with the realistic model. Geometric modelling (including  assembly of components) was performed with 

the 3D CAD program, SolidWorks® (version SP3.0, 2013) and for the FEA a software package for 

finite element analysis, ABAQUS® (version 6.10-1).  In the end, the result analysis method is also 

presented. 

3.1. Geometric Modeling 

3.1.1. Tibia 3D Solid Model  

The three-dimensional solid model of the tibia was obtained using a CT-scan dataset and a 

method of image segmentation. The result of the image segmentation is a set of contours that, when 

extracted from a stack of images such as a CT-scan, can be used to create 3D reconstructions.  

Firstly, the ITK-SNAP program was used, which is a free open source program designed 

specifically for the segmentation process of the images. With the use of this tool, it was possible to 

fully determine the shape of the tibia. After this, the geometry was exported to an STL 

(stereolithography) file and, as the obtained geometry exhibits indented surfaces, surface mesh 

adjustments were employed using ParaView (freeware available online for research purposes). In 

order to improve the quality of the existing superficial mesh, smoothing and decimation techniques 

were applied. After obtaining the superficial meshes, the next step is to generate the solid model using 

the ScanTo3D tool. This tool is available in SolidWorks® and enables the conversion of a mesh or 
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point cloud into NURBS (Non Uniform Rational Basis Spline). By connecting the NURBS, the solid 

model of the tibia is created. The 3D solid model of bone, the left tibia, was provided by Ângela Chan 

[45]. 

This model was composed not only by the assembly of cortical with trabecular bone but also by 

the intramedullary canal. It is a simplified configuration that allows an approximation to real bone 

configuration. Because the intramedullary canal was not aligned with the mechanical axis of the tibia 

model, it was decided to consider the tibia geometry without the intramedullary canal. Thus, using the 

SolidWorks®‟ tool base join, the intramedullary canal was replaced by trabecular bone. Figure 3.1 

shows the bone model with and without the intramedullary canal. 

 

3.1.2. Geometric Modelling of the Prosthesis  

The geometric modelling of TKA was developed based on the commercially available design 

and on informative documents provided by the P.F.C.® Sigma Knee System: Technical Monograph 

[33].  The geometrical tibial components solid model was modelled using SolidWorks® software. 

 

 

 

Figure 3.1: 3D solid model of bone: a-c) with intramedullary canal: a) intact bone; b) frontal section, anterior 
view; c) lateral section, left sagittal view; d and e) without intramedullary canal: d) frontal section, anterior 

view; e ) lateral section, left sagittal view. 
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The modelled tibial components were:  

- P.F.C.® Modular Tibial Tray (size 5) – Figure 3.2;  

- P.F.C.® Sigma Stabilized Insert – Figure 3.3. 

 

 

 

 

 

 

 

 

 

                 Figure 3.3: P.F.C.® Sigma Stabilized Insert: a) Isometric view; b) Top view; c) Lateral view [33]. 

 

Considering the dimension of the tibia model, adequate geometric modelling of the TKA 

prosthesis was necessary to provide the best adjustment between the tibia model and the tibial 

components‟ model. For this configuration, the most appropriate size of TKA prosthesis is size 5 

[6,33].  

Firstly, one image was used as reference, which included the superior and inferior surfaces of 

the tibial tray [33], as shown in Figure 3.4. In order to get the dimensions that correspond to size 5 

(83mm ML-55mm AP) of the TKA prosthesis, rescaling was necessary. 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: P.F.C.® Modular Tibial Tray [33]. 

Figure 3.4: Tibial Tray surface image. 
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This image was imported to SolidWorks® and using specific tools, the contours of the superior 

and inferior surface of the tibial tray were defined, which correspond the Figure 3.5 a) and b) 

respectively.  As this component is symmetrical, it was necessary to delineate only half of the sketch 

and subsequently the other half was obtained by using the mirror tool. 

 

 

Tibial tray structure was drawn using an appropriate tool provided by the same software. 

Besides, the stem was created, which incorporates a 3º posterior slope with the tibial tray. Moreover, a 

cross-finned (or cruciform) keel that supports the plateau and provides fixation and stability to the tibial 

component was created. The final model of the tibial tray is presented in Figure 3.6. 

 

 

Figure 3.6: Modular Tibial Tray: a) Isometric view; b) Right sagittal view; c)   Anterior view; d) Left sagittal view. 

Figure 3.5: Sketched contour of tibial tray: a) Superior surface; b) inferior surface. 
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The pin was also modelled, in order to facilitate the definition of material properties in FE 

analysis, as this component is made of a different material than the one of the tibial tray. Thereby, the 

pin was modelled using the tibial tray structure and the measurements were taken from a real stem 

using a pachymeter, an instrument for measuring the distance between surfaces. The pin increases 

the transmission of the medial/lateral and anterior/posterior loads from the femoral component to the 

tibial component through the UHMWPE tibial spine. 

The modelling of the tibial insert was made based in the sketch contour representing the tibial 

tray´s inferior surface. In addition, the design of the articulating surface of this component, 

representing the tibial condyles, was not made with ideal radii of curvature. Initially, a 3D-Scan from 

the real tibial insert was tried, in order to obtain the surface curvature of this component. This 

approach was unsuccessful, so these plateaus were modelled with less accuracy using the 

SolidWork®‟ tools. The remaining features existent in this structure were made according to the real 

characteristics of this component (Figure 3.7). 

 

The final step was to assembly the tibial components that have been modelled. The 

SolidWorks®‟ mate tool enables the definition of the surfaces and edges in contact in order to obtain 

the optimal adjustment between the components (Figure 3.8). 

Figure 3.7: Stabilized insert: a) Isometric view; b) Anterior View; c) Right sagittal view. 

Figure 3.8: Assembly of the tibial components (Modular Tibial Tray, Stabilized Insert and Pin): a) Isometric 
view; b) Anterior view; c) Left sagittal view. 



  

    22 

 

3.1.3. Assembly of the Models – Virtual Surgical Procedure 

This section is related with the entire process associated to a surgical intervention. To make the 

virtual surgical procedure as real as possible, a surgical manual technique [35] was used, in order to 

support the assembly of the tibial components of TKA prosthesis into the tibia. First, it was necessary 

to make some alterations in the bone. The proximal end of tibia was cut at a 0º slope and 

perpendicular (90º) to the mechanical axis of the tibia with a level of about 10 mm  [3,35] based on the 

less involved condyle. In this way, the tibial slope has been defined as the angle between a line 

perpendicular to the mid-diaphysis of the tibia and the antero-posterior inclination of the tibial plateaus, 

as can be seen in Figure 3.9. However, it is important to mention that given the modelled tibial tray, the 

ideal cut angle performed to achieve a surface perpendicular to the shaft of the tibia must has a 

posterior slope of 3°, in order to compensate the posterior slope of the stem [2]. Besides, the distal 

end of the tibia was cut off in order to, later in this study, apply the boundary conditions in FEA.  

 

 

 

 

 

 

 

 

 

To ensure an optimal mechanical fixation of the tibial component to the proximal bone cut, bone 

cement was used under the tibial tray. Although, the uniformity of the thickness, the value of the 

thickness and the penetration depth of the cement in the hole of the bone depend on the technique of 

the surgeon, and are difficult to determine. Literature indicates values of thickness and penetration 

depths in the hole of the bone [6,42,46,47]. Two different approaches can be used. Some authors 

defend that the bone cement layer involves the superior third of the tibial tray´s keel [47–49], while 

Figure 3.9: Schematic of the tibial model - Lateral section, right sagittal view:  a) Intact tibia shows the cut angle; b) 
Resected tibia, with a cut at 0º posterior slope and perpendicular (90º) to the mechanical axis of the tibia. 
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others defend that the bone cement layer is applied between the under surface of the tray and the 

tibial bone cut, but not around the keel [6,42,50]. For this modeling, the second approach was 

considered; the bone cement layer was fixed to the surface of the tibial component with about 2 mm 

mantle [48].In figure 3.10 the combined 3D model was represented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To analyse the effects of the slope of the tibial component in the sagittal plane, the mechanical 

axis of the tibia was virtually mapped as well as the centreline in the tibia‟s surface, in order to make 

the cuts with the respective slopes. Eleven models were created in SolidWorks®, in which bone 

(cortical and trabecular) was accurately cut from 6° anterior slope (AS) to 4° posterior slope (PS) 

angle, the slopes were (Figure 3.11): 

 

- Null inclination in the sagittal plane (0º); 

- Six anterior slopes with an increment of 1° (1, 2, 3, 4, 5, 6°); 

- Four posterior slopes with an increment of 1° (1, 2, 3, 4°). 

 
Since the tibial insert and the pin are embedded in the tibial component, the variation of the 

tibial component slope in sagittal plane changes the positions of both these components as well as the 

hole. 

 

 

 

Figure 3.10: Model of the tibial components of TKA prosthesis was virtually implanted into model of the tibia. 
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 Due to the high complexity of the geometric modelling of the prosthesis, it was necessary to 

make some simplifications, particularly to the tibial component and the cement. The contours defined 

in the inferior surface of the tibial tray were eliminated and the fillets (solidwork´s tool), which created 

external face of the cross-finned (or cruciform) keel, thus yielding a rounded surface, were excluded. 

The cement model is also simplified, in order to obtain uniform surfaces. Figure 3.12 shows the 

simplification of these two models.  

 

 

 

 

 

 

 

 

 

 

Figure 3.11: 3D geometric model, Lateral section, right sagittal view:  a) AS of 6°; b) AS of 5°; c) AS of 4°; d) AS 

of 3°; e) AS of 2°; f) AS of 1°; g) 0° slope; h) PS of 1°; i) PS of 2°; j) PS of 3°; k) PS of 4°. 
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3.2. Finite Element Modelling 

 

Finite element analysis (FEA) is an engineering tool that is increasingly used to analyse the 

mechanical behaviour of artificial implants. Biomedical aspects, such as bone-implant interface 

stresses and the biological response of the bone around the implant, are difficult to investigate and 

simulate in vitro [6,20,51]. To overcome this, numerical analysis, can be used to obtain approximate 

solutions for the differential equations that describe the extensive variety of physical problems. The 

basic concept behind this method is the representation of a complex domain that is divided into 

simpler subdomains, called finite elements. The collection of the finite elements is denominated the FE 

mesh and these elements are connected to each other at points, called nodes. Following the finite 

element discretization, for each element an approximation to the solution is determined. Finally, the 

assembly of the elements permits to obtain of the solution of the whole domain. The geometry of the 

FE mesh may not correspond exactly to the geometry of the geometric model, depending on the 

differential equations and method used to derive the algebraic equations (i.e., the weighted-integral 

form used), thus being possible to occur some approximation errors during the solving of the matrix 

system [52].  

The eleven models used were imported from SolidWorks® to ABAQUS® for posterior analysis 

of shear stresses between cement interfaces. The fundamental steps involved in the FEA, were 

defined in ABAQUS® and are presented next. 

3.2.1. Material Properties 

Bone tissue is a viscoelastic and heterogeneous material with anisotropic  properties [51,53,54]. 

However, this combination of properties is difficult to reproduce in bone numerical models.  So, the 

Figure 3.12 Simplified models: a) Tibial component; b) Cement. 



  

    26 

 

bone material properties, in this study, were assumed to be isotropic, homogeneous and linearly 

elastic, as can be seen in similar studies [46,55]. Table 3.1 shows the mechanical proprieties 

employed in the analysis of both anatomical structures and prosthesis component [6,18,20,42,46,56–

58]. 

Table 3.1: Material Properties. 

Anatomical structures 
Young's Modulus 

(GPa) 

Poisson’s 

coefficient 

Cortical Bone  17 0.3 

Trabecular Bone  0.4 0.3 

Prosthesis 

Component 
Material 

Young's Modulus 

(GPa) 

Poisson’s 

coefficient 

Tibial Tray Titanium alloy  110 0.34 

Tibial Insert UHMWPE  0.5 0.4 

Cement PMMA  2.5 0.38 

Pin UHMWPE  0.5 0.4 

 

The Young's Modulus, also called Elastic Modulus, E, is a very important mechanical parameter 

that allows measuring the stiffness of a material and reflects the ability of an object to deform 

elastically when a force is applied to it; furthermore, by applying tensile or compressive forces to an 

object, Poisson‟s ratio, ν, acts as a measure of the simultaneous change in cross-sectional area and in 

elongation within the elastic range.  

 

3.2.2. Interfaces Interaction  

The tibial tray, tibial insert and pin components were merged into one part, thus eliminating the 

necessity to define interaction conditions between these components. This is a simplified way to 

incorporate the components in each other without losing their respective material properties. This 

means that there is no relative movement between the contacting surfaces [59]. However, the surface 

interaction between the cortical and trabecular bones was considered rigidly bonded (tied), since the 

distinction between the cortical and trabecular bone is modelled for the sake of stiffness difference. 

 For bone-implant and bone-cement interactions, in order to prevent any overclosure and to 

assure perfect fit, the slave surface adjustment was selected with a specified tolerance of 0.01mm for 

the surface adjustment zone. 
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Moreover, for further analysis of the bone-cement and implant-cement interfaces stresses, it 

was necessary to be especially careful with the choice of “master” and “slave” surfaces. For each 

node on the “slave” surface, the solver attempts to find the closest point on the “master” surface of the 

contact pair where the master surface's normal vector passes through the node on the slave surface 

[59]. In this way, the slave was always considered to be the cement and the master the other surfaces 

of the interaction. 

For the bone-implant interface, a coefficient of friction of 0.3 was used [60]. The contact 

between bone and cement was considered bonded [41,50]. For the remaining contact, two different 

approaches of modelling the implant-cement interface were considered. One case is an interaction in 

which the implant is bonded to the cement [61,62] and another case with a contact formulation with a 

coefficient of friction of 0.25 [6,63]. Even though at an initial stage there is a  firm bond between the 

cement and the implant, throughout time this bond tends to become weaker until the effect totally 

disappear, leading, the implant-cement unbonding [62,63]. Due to this, the question of considering the 

implant-cement interface to be either completely bonded or unbounded (with a friction coefficient), is 

still controversial. Several studies consider that the friction implant-cement interface is a more realistic 

approach than the bonded interface [63].  

 

 

Figure 3.13: Interface Interactions. 

3.2.3. Loading and Boundary conditions 

The final step of the pre-processing stage is applying the correct loads and boundary 

conditions. For this study, the tibia‟ distal region was fixed, constraining the rotation and translation in 

all directions. The applied load case was based on the study developed for G. Bergmann et al. [64,65] 
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for level walking. This load case is the result of measurements using instrumented prostheses with 

telemetric data transmission that were based on the in vivo knee joint loading. The numerical data files 

were acquired in a public database – Orthoload. The data used in this study corresponds to the K1L 

subject with body weight of 1000 N [66].  Since the measurements made by Bergmann et al. [64] are 

relative to a right-side knee, with the centre of the coordinate system fixed in the middle of the tibial 

tray at the height of the lowest part of the tibial insert, it was necessary to convert the coordinate 

system to the left-side knee. The values of the force and moment presented in Table 3.2 were taken 

on the peak of maximum load (three components of the spatial knee contact force F and the three 

components of the spatial moment M). A simple load case with only an axial force was also applied. 

 

 

Table 3.2: Forces and moments applied in the FE models [66]. 

Level Force (N) Moment (N.mm) 

 F1 F2 F3 M1 M2 M3 

- 0 -3,000 0 0 0 0 

Walking -136 -3,000 149 13,260 11,570 -33,870 

 

 

The forces‟ components F1, F2 and F3 act in medio-lateral shear force, vertical or axial force and 

posterior-anterior shear force on the tibial component. Moments M1, M2 and M3 act in the sagittal, 

horizontal and frontal plane and turn right around their respective axes [64,65]. 

These loads were applied in a reference point that is located in the middle of the tibial plateau at 

the height of the lowest part of the tibial insert, as in the study by G. Bergmann et al.[64]. In order to 

simulate a real case of the knee loading, the application of the load was not only in a single point, but 

on an area, which corresponds to the condylar surface of the tibial insert. This way, a coupling 

constrain was used and the loads were uniformly distributed on two surfaces of the tibial insert (Figure 

3.14). For all models, the reference point (RP) is the same, i.e. the same coordinate system. 

 

Figure 3.14: The RP and the surfaces where the load cases are applied: a) anterior view; b) Top view. 
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3.2.4. Finite Element Mesh 

Using the FE program, ABAQUS®, the mesh was generated from the solid model of the TKA 

prosthesis. In order to improve the mesh quality, ABAQUS®‟ virtual topology tool was needed in order 

to remove the initial superficial mesh automatically generated in SolidWorks®.  

Taking into consideration that the type of elements used affect the results [67], and knowing that 

the hexahedral FE meshes produce more accurate results than the tetrahedral FE meshes [68,69], the 

first approach was to create the hexahedral FE meshes. However, it requires significantly higher 

computational resources and involves a more complicated process due to the high complexity of the 

structures (bone, implant) previously modelled. Therefore it was decided to generate FE meshes with 

linear 4-noded tetrahedron elements for all structures except the cement structure. This structure is 

the only part that was generated with linear 8-noded hexahedron elements. Table 3.3 presents the size 

and the number of elements and nodes generated for the model with a 0° slope. The mesh generation 

for the other models have a slight variation, due to the geometry alterations of the slope of the cuts [6].  

 

Table 3.3: Number and nodes of the FE meshes. 

 

 

The FE meshes obtained for this model are illustrated in Figure 3.15. The final step was the 

submission of the job of the FE software in order to solve the problem. Subsequently, the resulting 

modelling file is imported to an FE solver for analysis, and a shear stress analysis in the bone-implant 

interface is performed.  

 

 

Model 

Global 

Element size 

(mm) 

Number of elements 

generated 

Number of nodes 

generated 

Tibia (trabecular and 

cortical bone) 
        2.5 173,371   37,628 

Implant (tibial tray and 

insert components and 

pin assembly) 

        1.82 78,606 15,474 

cement         1.5 3,196 5,181 

Total Assembly          - 255,173 58,283 
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3.3. Geometric and FE modelling of a simplified model  

 

Throughout the geometric analysis, different models were performed taken in consideration 

several parameters, such as different load cases and possible combinations of the interaction contact. 

Furthermore, we decide to construct a simplified model later comparison with the tibia and TKA 

prosthesis model (realistic model). Similarly to the previous chapter, this sub-chapter describes the 

geometric and finite element modelling used in order to create the simplified model.  

 

3.3.1. Geometric Modelling 

Two different models were created, which differ only in the presence or absence of the stem of 

the tibial tray, using SolidWorks®. Each model consisted of a bone structure, tibial tray and the cement 

structures, as can be seen in Figure 3.16.  

 

Figure 3.15: FE mesh of the Tibia and TKA prosthesis models: a) Resect tibia; B) Tibial insert; c) Tibial tray; d) 
Cement; e) Pin; f) Total assembly. 
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The choice of the modeling of a simplified geometry model was essentially to understand if 

there was any problem or error in the approach made before, since at a first sight, the variation of the 

shear stresses by changing the slope in the sagittal plane was not coherent. The purpose of this 

simplified model is to understand how the slope variations in the sagittal plane influence the interface 

shear stresses. Thereby, for each simplified geometric model, eleven models were created, in which 

the bone was accurately cut from 6º anterior to 4 º posterior angles, similarly to what was done in the 

tibia and TKA prosthesis geometry. The set of images of both analyses can be seen in Figure 3.17. 

 

Figure 3.16: Geometric model simplified: a) without stem; b) with stem. 

Figure 3.17: 3D simplified model, Lateral section, right sagittal view:  a) AS of 6°; b) AS of 5°; c) AS of 4°; d) AS of 
3°; e) AS of 2°; f) AS of 1°; g) 0° slope; h) PS of 1°; i) PS of 2°; j) PS of 3°; k) PS of 4°. 
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3.3.2. Finite Element Modelling 

In order to analyse the effect of the slope of the tibial component in the sagittal plane, the 

models previously mentioned were also imported to ABAQUS®,  and then suffered a sequential set of 

steps involved in FEA.  

The material properties used for both the tibial tray and the cement structures are the same 

used in the realistic model, except for the bone that was defined with E=1MPa and ν =0.3. This value 

of young's modulus was chosen between the cortical and trabecular bone, being closer to the 

properties of the trabecular bone because there is a greater interaction between the prosthesis with it. 

For comparison purposes, the contact interfaces as well as the boundary conditions used for 

these analyses were similar to those used previously. The load applied was half of the value of the 

load used in the other analysis.  

After implementing all steps required for these simulations, it was necessary to generate the 

mesh. For these simple cases, the hexahedral FE meshes were chosen due to the fact that these 

produce more accurate results [68,69], in opposition to the tetrahedral FE meshes chosen in the 

realistic model. Because this is a simpler geometry, the mesh generation was easy and there were not 

significant problems worth to mention. Thereby, the FE mesh generation for the simplified model with 

absence of the stem with a 0° slope was performed with linear 8-noded hexahedron elements, 

resulting in 10,368 elements and 11,875 nodes for the bone, 6,400 elements and 8,405 nodes for the 

tibial component and 3,200 elements and 5,043 nodes for the cement. Finally, for the assembly model 

it obtained 19,968 elements and 25,323 nodes. For the simplified model with presence of the stem 

with 0° slope was also performed with linear 8-noded hexahedron elements, resulting in 9,396 

elements and 10,975 nodes for the bone, 8,400 elements and 10,825 nodes for the tibial component 

and 3,000 elements and 4,800 nodes for the cement. Finally, for the assembly model it obtained 

20,796 elements and 26,600 nodes. The mesh generation for the other models have a slight variation, 

due to the geometry alterations of the slope of the cuts [6]. Figure 3.17 shows the mesh generation of 

these models. 
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Figure 3.18: FE mesh of the Simplified models: a) without stem; b) with stem. 
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CHAPTER IV 

4. Results and Discussion  
 

 

The present computational study aims to provide a solid basis for comparison with the empirical 

knowledge acquired from surgical and clinical practice. The tibial slope should not exceed the 3° slope 

in order not to affect the post-surgery, since the choice of the other values for the tibial slope may 

compromise the fixation of the implant, thus influencing the longevity of the TKA. 

The results of the simplified model as well as the results of the realistic model for each loading 

condition and contact interaction are presented. Finally, a comparison of the different models used for 

the analysis will be performed. 

As stated before, in chapter III, throughout this study two load cases are applied, an axial force 

and the Physiological load. Besides this, two different approaches to define the implant-cement 

interface are taken in consideration: an interaction in which the implant is tied (bonded) to the cement 

and an interaction in which there is only frictional contact (unbounded). Furthermore, it is important to 

remember that in all combinations, the bone-cement interface is modulated with tie contact. As a 

summary, four different combinations were tested for each model: 

 

- Tie contact implant-cement interface with axial force; 

- Frictional contact implant-cement interface with axial force; 

- Tie contact implant-cement interface with a realistic load; 

- Frictional contact implant-cement interface with a realistic load. 

In order to evaluate in which way the slope in the sagittal plane influences the fixation of the 

cement, the variation of the shear stress distribution was studied. Furthermore, contact pressure and 

Von Misses stress analyses were also performed. However, these analyses are not presented or 

discussed in this chapter, but may be consulted in Appendix A. 

The shear stress, denoted as , is defined as the tangential force applied to an object. The 

general shear stress is given by ∝ 
𝐹𝑇

𝐴
 (𝐹𝑇 is the applied force and 𝐴 is the area where the force is 

applied).  This study is focused on the role of the shear stress in the fixation of the tibial component, 

by means of analysing a range of angles for the tibial component in the sagittal plane. Thus the effect 

of changing the tibial slope in the sagittal plane is analysed and the results of the shear stress in each 

cement interface are compared. The longevity of the TKA is directly bounded by an adequate slope in 

the sagittal plane. 

For each tibial slope, the maximum and mean shear stresses were calculated for the bone-

cement and the implant-cement interface. 
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a) 

b) 

4.1. Simplified model  

 

Both maximum and mean results for the shear stress were obtained. The results for each 

combination of the bone-cement and implant-cement interfaces are shown below. The first approach 

for the shear stress in the simplified model was calculated with absence of stem, the simplest case, in 

order to understand the influence of the tibial slope in the sagittal plane in the fixation of the implant. 

Regarding the simplified model with presence of the stem, the four combinations of parameters 

referred above were assessed and are discussed below. 

4.1.1. Absence of stem 

Only one analysis was performed for the simplified model with absence of stem. The goal was 

to understand what happened for the most simplified model. Consequently, the model was modulated 

with tie contact between the cement interfaces and with an axial force.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-Cement 
interface. 
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Figure 4.1 presents both bone-cement and implant-cement interfaces with a parabolic trend with 

R
2
 values of 0.9958 and 0.9982, respectively. It is perceptible that there is symmetry around the 0° 

slope in bone-cement and in implant-cement interfaces (Figure 4.1and Figure 4.1 b, respectively).  

Overall, for the bone-cement interface, the variation of both mean and maximum values of the 

shear stress is 35.8% and 27.5%, respectively. Regarding the implant-cement interface, the variation 

of both mean and maximum values of the shear stress is 26% and 7%, respectively.  

4.1.2. Presence of the stem 

4.1.2.1. Tie contact implant-cement interface with an axial force 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 presents both bone-cement and implant-cement interfaces with a parabolic trend with 

R
2
 values of 0.8085 and 0.6521, respectively. 

By analysing Figure 4.2 a) it is observable a similarity in the behaviour of both mean and 

maximum values of the shear stresses. Between the 2° AS to 2°PS there is some symmetry, but 

beyond these slope values (in both directions), the shear stress values have a rise. For the bone-

Figure 4.2: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-Cement 

Interface. 

a) 

b) 



  

    38 

 

cement interface, the overall variation of the both mean and maximum values of the shear stress 

corresponds to 5.6% and 9.7%, respectively. Regarding the implant-cement interface, the variation of 

the mean shear stress is 3.3%, while the variation of the maximum value of shear stress is 4.3%. 

4.1.2.2. Frictional contact implant-cement interface with an axial force 

Figure 4.4: Shear Stress distribution in the cement interfaces for the 4° slope in the sagittal plane: a) Bone-
Cement interface; b) Implant-Cement interface. 

Figure 4.3: Shear Stress distribution in the cement interfaces for the 0° PS in the sagittal plane: a) Bone-Cement 
interface; b) Implant-Cement interface. 

a) b) 

a) b) 
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Figure 4.5: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-Cement 

interface. 

By way of illustration, only the frictional contact implant-cement interface with an axial force 

results will be presented. Figures 4.3 and 4.4 show the distribution of the shear stress in the bone-

cement interface and the implant-cement interface for both 0° slope and 4° PS, respectively. As can be 

seen, for the 0° slope the shear stress distribution is symmetrical, representing higher shear stress 

values in the periphery. As opposed to what happens with the 4° PS, which presents a different 

distribution. This makes sense, since that the relation between the shear stress and variation of the 

slope in the sagittal plane implies an increase in the shear stress, being possible to verify this fact 

visually. Here it is only represented the shear stress distribution for 0° slope and the 4° PS, for the 

other slopes other distributions of the shear stress are found, each being different depending on the 

considered degree. 

 In Figure 4.5 it is observable that both bone-cement and implant-cement interfaces follow a 

parabolic trend with R
2
 values of 0.948 and 0.8576, respectively. As for the mean shear stress of the 

bone-cement interface, there is a minimum mean value for the 0° slope angle ( =0.037 MPa) and for 

both AS and PS the shear stress increases. For the maximum shear stress values, there is a decrease 

from 6° to 3° AS, and it is almost constant between 3° AS to 3° PS (approximately 0.104 MPa), with an 

increase from 3° to 4° PS. The overall variation of the both mean and maximum values of the shear 

a) 

b) 

a) 

b) 
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stress corresponds 16.7% to and 72.8%, respectively. Regarding the implant-cement interface, the 

behaviours of the mean and maximum the shear stress have a decreasing trend, from 6° AS to 0° PS, 

with a further increase of magnitude up to 4° PS. The variation for both mean and maximum shear 

stress is of 24.8% and 37.8%, respectively. 

 

 

4.1.2.3. Tie contact implant-cement interface with a physiological load 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-Cement 

interface. 

 

Figure 4.6 presents both bone-cement and implant-cement interfaces with a parabolic trend with 

R
2
 values of 0.8711 and 0.3322, respectively. 

 In Figure 4.6 a) it is noticeable a similarity in the behaviour of both mean and maximum values 

of the shear stresses, since both decrease from to 6° AS to 3° PS. This slope corresponds to the 

minimum value for the mean and maximum shear stress. Next they suffer a significant increase for the 

4° PS. Generally, the variation of the mean and the maximum shear stress is of 9% and 7.4%, 

a) 

b) 
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respectively. Concerning Figure 4.6 b), there is no evidence trend (R
2
=0.3322). The 0° slope presents 

the lowest value for both the mean and maximum shear stress, whereas for the other angles some 

discontinuous variation of the shear stress value is noticeable.  

4.1.2.4. Frictional contact implant-cement interface with a physiological 

force 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-Cement 

interface. 

 

Figure 4.7 presents both bone-cement and implant-cement interfaces with a parabolic trend with 

R
2
 values of 0.7344 and 0.637, respectively. 

In Figure 4.7 a) it is observable that the mean shear stress decreases from 6° AP to 2° PS and 

increases from 2° to 4° PS, while the maximum shear stress increases from 6° AP to 3° PS, and from 

3° to 4° PS it decreases. In a general manner, the variation of the mean and the maximum of the 

shear stress is of 5% and 18.4%, respectively. Regarding the Figure 4.7 b), it also shows some 

variations between 6° and 4° AS, while being approximately constant between 4° AS to 3° PS, 

a) 

b) 
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increasing from this point onwards. The maximum shear stress values present some variation 

between 6° and 4° AP, increasing from this slope on. The overall variation of the mean and the 

maximum shear stress corresponds to 10.9% and 23.5%, respectively. 

4.1.3. The simplified model comparison   

It is important to clarify that the maximum value of shear stress for each slope was not extracted 

from the same element, which explains the fact that sometimes there is no similarly in the behaviour 

for the maximum and mean shear stress along the range of slopes studied. The mean shear stress 

values provide a general view of what happens between the cement interfaces, while the maximum 

value analysis is not representative of the interface, since it concerns only a value for one element at 

the time. 

 For the simplified model with absence of the stem (Figure 4.1), the simplest model, it is 

noticeable that the R
2 

values for both bone-cement and implant-cement interfaces show a nearly 

perfect fit of the parabolic line to the data of the mean shear stress values. Besides this, it is 

noteworthy the fact that the concavity has a positive sign and, for the most cases, the minimum value 

corresponds to the 0° slope. This result was expected, since it shows a relationship between the shear 

stress and the tibial slope, being that an increasing slope (in both anterior and posterior directions) 

induces an increase in the shear stress.  

Furthermore, when comparing the tie contact between both interfaces with the axial load for 

both geometric models, with and without stem, we can see that the simplified model with presence of 

the stem (Figure 4.4) has a parabolic trend (R
2
=0.8085 for bone-cement interface and R

2
=0.6521 for 

implant-cement interface) but not as significantly as the one shown by the simplest model. This can be 

explained by the modulation of the geometry model, specifically the stem in this case, which can 

influence the load distribution by creating an increased load concentration between the bone-cement-

implant interfaces. 

Regarding only the simplified model with presence of the stem, the results also follow a 

parabolic trend. It is evident that the trend present in the data is not only the same for all combinations 

of the studied parameters, but globally the fit of the line is quite reliable (R
2
 values between 0.3322 

and 0.948). 

Generically, the shear stress between 2° AS and 3° PS does not vary significantly, while for 

other angles there are significant changes for the shear stress values, which goes towards the 

expectations we had for the study. Moreover, it is noticeable that the results of the shear stress, when 

the physiological load was applied with tie contact (Figure 4.6 a), show an increase of approximately 

32% in the magnitude of the shear stress when comparing with the results obtained using the axial 

load (Figure 4.2 a). As for the frictional contact, the magnitude of the mean shear stress values 

increases approximately 10.6% from the axial load to the physiological load (Figure 4.5 a) and Figure 

4.7 a)), respectively). This occurs because the tangential force increases due to the additional of a 

tangential component of the force as well as due to addition of a torsional moment. 
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The results obtained for the implant-cement interface also have a parabolic trend along the tibial 

component angles studied. However, in the case of tie contact with an axial force (Figure 4.2 b) for the 

physiological load (Figure 4.5 b), the influence of the slopes studied is somewhat unpredictable. For 

the other combinations, the shear stress between 4° AS and 3° PS does not change a lot, while for 

other angles there are significant variations for the shear stress. Furthermore, the magnitude of the 

mean shear stress increases approximately 29% for tie contact (Figure 4.2 b) and Figure 4.6 b)) and 

11.4% for frictional contact (Figure 4.5 b) and Figure 4.7 b)) when comparing the axial force and the 

physiological load.  

The magnitude of the shear stress for the tie contact combinations is an order of magnitude 

higher when comparing the implant-cement interface to the bone-cement interface. Nevertheless, for 

the frictional contact combinations both implant-cement and bone-cement interfaces are in the same 

order of magnitude. 

Even though there is a parabolic tendency as expected, there is no abrupt change in the shear 

stress values that would allow us to infer that from that point forward, the tibial component would 

detach. Thus, when comparing these results with the empirical knowledge acquired by surgeons and 

orthopaedists during their clinical practice, we can observe that there is some consistency with what is 

observed in the post-surgery, although we cannot predict the value from which the tibial component 

would detach. For the simplified model with absence of the stem (Figure 4.1), the simplest model, it is 

noticeable that the R
2 

values for both bone-cement and implant-cement interfaces show a nearly 

perfect fit of the line to the data of the mean shear stress values. Besides this, it is noteworthy the fact 

that the concavity has a positive sign and, for the most cases, the minimum value corresponds to the 

0° slope. This result was expected, since it shows a relationship between the shear stress and the 

tibial component slope, being that an increasing slope (in both anterior and posterior directions) 

induces an increase in the shear stress.  

 

4.2. Realistic model 

In this sub-chapter, the results are exposed in the same way of the simplified model results, 

allowing further comparison between the results of the two models. The aforementioned magnitudes 

of the loads, as well as the surface where these loads are applied, differ from the simplified model.   

 

4.2.1. Tie contact implant-cement interface with an axial force  

Figure 4.8 presents both bone-cement and implant-cement interfaces with a parabolic trend with 

R
2
 values of 0.466 and 0.6303, respectively. 

Observing Figure 4.8 a), the overall variation of the mean and the maximum shear stress is of 

14.9% and 47.7%, respectively. Making a more detailed analysis, the mean shear stress is around 

0.45 MPa for all slopes except from 2° AS to 0º slope, which presented an inferior value of 
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approximately 0.4 MPa. The maximum shear stress was almost constant between 6º to 3º AS with a 

value of proximately 5 MPa. For further slopes it is unstable from 2° AS to 2º PS and from this the 

shear stress increased achieving the 7.87 MPa for 4º PS.  

In what concerns Figure 4.8 b), the mean and maximum shear stress have a similar behaviour, 

without reaching very high values, while from 3º PS, the values of the mean and maximum shear 

stress increase approximately 55.8% and 63%, respectively.  

 

 

Figure 4.8: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-

Cement Interface. 

4.2.2. Frictional contact implant-cement interface with an axial force 

Figure 4.9 presents both bone-cement and implant-cement interfaces with a parabolic trend with 

R
2
 values of 0.4969 and 0.1713, respectively. 

As for Figure 4.9 a), the mean shear stress value, between 6° to 3° AS does not vary 

significantly (around 0.3 MPa), decreasing beyond these slopes to 1° AS, and finally increasing again 

up to 4° PS. The maximum value shear stress fluctuates from 6° to 1° AS around 3.9MPa and 

a) 

b) 
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subsequently decreases to 3 MPa (0° slope). Between 0° and 2° PS the shear stress increases, being 

constant from this point with a value of 3.229 MPa. The overall variation of the mean and the 

maximum of the shear stress is of 15% and 26.4%, respectively. 

Regarding the frictional contact implant-cement interface (Figure 4.9 b), the mean value is also 

nearly constant, presenting a reduced value for 2° AS of approximately 0.15 MPa. The maximum 

shear stress value is almost constant of approximately 2.3 MPa, except between 2° AS to 1° PS 

region in which it has a variation. In a general manner, the variation of the mean and the maximum 

shear stress is 36.4% and 45.8%, respectively. 

 

 

Figure 4.9: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-Cement 

Interface. 

4.2.3. Tie contact implant-cement interface with a physiological load 

Figure 4.10 presents both bone-cement and implant-cement interfaces with a parabolic trend 

with R
2
 values of 0.3407 and 0.7263, respectively. 

Observing Figure 4.10 a), the mean shear stress value between 2° AS to 1° PS, is 

approximately 0.4 MPa, while for other slopes it nears 0.66 MPa, being this difference approximately 

a) 

b) 
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of 14.5%. The maximum shear stress values vary around 6.6 MPa from 6° to 1° AS, with a further 

decrease to 3.3 MPa at 0° slope. From 1° PS, the shear stress tends to increase. 

From the analysis of Figure 4.10 b), it is evident that the implant-cement interface presents a 

parabolic trend. For the 6° AS and for 4° PS it is notorious that the value of the shear stress is 

approximately twice the value that it takes for the remaining angles: the same does for the mean 

values of shear stress.  

 

 

 

Figure 4.10: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-Cement 

Interface. 

 

 

 

a) 

b) 
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4.2.4. Frictional contact implant-cement interface with a physiological 

load 

Similarly to the simplified model, for the realistic model an illustrative representation was also 

made, however, in this case it was for the combination of the frictional contact implant-cement 

interface with the physiological load. Figures 4.11 and 4.12 show the distribution of the shear stress in 

the bone-cement interface and the implant-cement interface for both 0° slope and 4° PS, respectively. 

As can be seen, in opposition to the simplified model, for the 0° slope the shear stress distribution is 

heterogeneous. Since the geometry modulation of this model is more complex, presenting an irregular 

geometrical shape in relation to the simplified model, the shear stress distribution is not so uniform. 

Moreover, as the physiological load is composed by the forces‟ components and the moments 

component´s, the shear stress distribution is affected by them, being that the tangential component of 

the force and the torsional moment are the most relevant components in the alteration of the shear 

stress distribution. It is noticeable that in the extremities of the cement, the shear stress values are 

higher. Regarding Figure 4.12, it also presents a heterogeneous shear stress distribution. It is 

perceptible that the shear stress is higher in some regions, namely in the periphery. In this case, the 

shear stress is higher than the one for the 0° slope.   

Figure 4.13 presents both bone-cement and implant-cement interfaces with a parabolic trend 

with R
2
 values of 0.018 and 0.2442, respectively. 

The results represented in figure 4.13 a) reveal that the mean and maximum shear stress are 

quite variable over the range of slopes analysed. The variation for both mean and maximum shear 

stress corresponds to 18.4% and 55.5%, respectively. This variation is not significant since 

discrepancies occur throughout the all range of slopes. 

Regarding the Figure 4.13 b), the mean shear stress is almost constant ( =0.23 MPa), with a 

maximum value 0.27 MPa that corresponds to the 2° AS, being this difference approximately of 7.6%.  

The maximum shear stress is approximately 2.35 MPa for all slopes unless for 0° that presents an 

inferior value, approximately 1.27 MPa (presenting a variation of 52.8%). 

 

 

 

Figure 4.11: Shear Stress distribution in the cement interfaces for the 0° slope in the sagittal plane: a) Bone-
Cement interface; b) Implant-Cement interface. 

a) b) 
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Figure 4.13: Shear Stress varying the slope in the sagittal plane: a) Bone-Cement Interface; b) Implant-Cement 

Interface. 

 

Figure 4.12: Shear Stress distribution in the cement interfaces for the 4° PS in the sagittal plane: a) Bone-Cement 
interface; b) Implant-Cement interface. 

a) 

b) 

a) b) 



  

    49 

 

4.2.5. The realistic model comparison   

In the analysis of the realistic model, the maximum value of shear stress for each slope was not 

taken out from the same element, as explained previously for the simplified model. For this reason we 

focused this analysis on the mean shear stress value, for the sake of rigour scientific validity of the 

conclusions drawn. 

Although, the variation of the shear stress is considerable, it is not possible to infer a 

conclusion, since there is no direct relationship between the shear stress variation and the tibial slope, 

that is, there are irregularities along the range of the slopes.  

Generally, it is noticeable that the R
2
 values for bone-cement and implant-cement interfaces are 

low, there is not an evident trend representing a poor fit of the parabolic function to the data. In other 

words, the relationship between the shear stress and the tibial component slope did not show a strong 

parabolic trend. For the bone-cement interfaces, it was observed that the R
2
 value varies between 

0.018 and 0.4969, while for the implant-cement interfaces it varies between 0.1713 and 0.7263. These 

values are too low to conclude that there is a parabolic trend in the data. 

Regarding the bone-cement interfaces, it was observed that for the tie contact combinations, 

with for the two load cases (Figure 4.8 a) and Figure 4.10 a), respectively), a similar behaviour is 

observed, while for frictional contact with both axial and physiological load (Figure 4.9 a) and Figure 

4.11 a), respectively), the mean shear stress is unstable and inconsistent along the slopes studied, 

thus rendering any conclusion meaningless. Furthermore, the results of the shear stress when the 

physiological load was applied with tie contact show an increase of approximately 2.6% in the 

magnitude of the shear stress when compared with the results obtained using the axial load. As for the 

frictional contact, the magnitude of the mean shear stress values increases approximately 5.9% from 

the axial load to the physiological load.  

As for the implant-cement interfaces, it was detected that for the tie contact combinations, the 

behaviour is also similar between each other, except for the tie contact with the physiological load, 

which presents a higher shear stress value for 6° AS. Also, the frictional contact combinations show a 

similar behaviour for both interfaces. Furthermore, the magnitude of the mean shear stress increases 

approximately 13.6% for the tie contact (Figure 4.8 b) and Figure 4.10 b)) and 10.5% for the frictional 

contact (Figure 4.9 b) and Figure 4.11 b)) when comparing the axial force and the physiological load.  

The magnitude of the shear stress for the tie contact combinations is also an order of magnitude 

higher when comparing the implant-cement to the bone-cement interface. Nonetheless, for the 

frictional contact combinations both implant-cement and bone-cement interfaces are in the same order 

of magnitude. Thus, the results obtained for both implant-cement and implant-cement interfaces are 

somewhat inconsistent and unpredictable.  

The lack of congruence of the realistic model can be justified by taking into account the type of 

finite elements used, being that hexahedral FE meshes produce more accurate results than 

tetrahedral FE meshes. Besides the type of elements, the mesh refinement is also responsible for a 

higher level of accuracy of the results derived from the FE analysis. Furthermore, as was shown and 

explained in the anterior model, the geometrical modelling can influence the results. For the simplified 
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model we can see some variations in the results for the models with and without stem. Consequently, 

using a complex geometry, namely the tibia model and the TKA prosthesis geometry, can make the 

study results and the conclusions drawn difficult to understand, in what concerns the influence of the 

variation of the tibial slope in the sagittal plane in the stability of the knee joint. 

 

4.3. The simplified and realistic models comparison   

  

This study was intended to evaluate the fixation of the cement by changing the tibial slope in the 

sagittal plane under the assumptions that the implant-cement interface was bonded or unbounded and 

with two different load cases applied. 

Considering the overall results of this study, it is possible to observe that some goals were 

successfully reached however some pitfalls also arose. 

There is no consensus for the shear stress result of the realistic model. The relationship 

between the means shear stress and the tibial slope in the sagittal plane is expected to follow a 

parabolic trend. However the R
2
 value, which is a measure of the reliability of the fit of the trend line to 

the data, does not allow us to conclude that there is a trend. The mean shear stress values fluctuate 

along the range of the slopes studied, rendering difficult the conclusion of the parabolic behaviour. 

Due to this, it was necessary to analyse the shear stress on the cement interfaces with a simpler 

unrealistic model. The results obtained for this model were much more congruent with our 

expectations towards the study, presenting a parabolic trend. When comparing the simplified model 

with the realistic model is it perceptible that the R
2
 shows a clear parabolic trend for the first one. 

These results are congruent and consistent with what was expected. 

When comparing the realistic with the simplified analysis, it is denoted that the maximum shear 

stress values for the realistic model are higher than for the simplified model. This can be explained 

due to the fact that the magnitude of the load cases applied in the realistic model is twice the one of 

the simplified model. Focusing only on the realistic model, since the area where the loads are applied 

is the same for all models it is easy to understand that the shear stress values are dependent on the 

magnitude of the load. Additionally, the load will be transmitted differently according to the tibial slope, 

despite the fact that the magnitude of the applied load is always the same. The same reasoning can 

be applied to the simplified model. 

In a more detailed analysis, the plots for the simplified model show that between 2° AP and 3° 

SP there is no noticeable variation of the shear stress values. Comparing the obtained results with an 

experimental study, where the effect the posterior tibial slope on the knee stability was analysed, there 

are considerable similarities in relation to the range of the slopes. Whiteside et al. [37] suggested that 

the tibial cut should have an angle between 0° and 3° PS to provide an adequate stability. 

Moreover, several authors and manufactures of commercially available implant systems, 

recommend a slope of the tibial component of 0° (perpendicular to the mechanical axis) [9,14,37,50]. 

Since for the majority of the analyses performed, the value of shear stress for the 0° slope 
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corresponds to a minimum value, we can assume that for this slope the tibial component does not 

detach from the tibia, thus agreeing with previous studies. 

It is notorious by the clinical practice that the slope in the sagittal plane in the range of 3° 

anterior to 3° posterior yields good stability of the joint, and that for other values for the tibial slope 

there is a higher probability of jeopardizing the clinical outcome of the TKA. The obtained results for 

the simplified model are in concordance with the medical opinion. 

Despite the fact that the results of the simplified model are closer to the expected results, too 

many simplifications were performed, thus rendering the comparison with the realistic model unfair 

with a decreased interest for a real-life prosthesis analysis. For example, the bone was assumed to 

have parallelepiped geometry: same thing was assumed for the tibial components. 

Furthermore, a simplification regarding the load was performed. The magnitude of the loads 

was not taken as a physiological load, since the point where the load is applied is quite inaccurate for 

the simplified model, when compared to the contact area of the human knee.  

A few assumptions that can compromise the results of the realistic model were made for the 

assembly of the tibia model with the TKA prosthesis components. The implications of these 

assumptions in the study results are variable; it was assumed that the tibia is isotropic, homogeneous 

and linearly elastic, although it actually is a viscoelastic and heterogeneous material with anisotropic 

properties. Moreover, the geometric modelling of the TKA was developed based on the commercially 

available designs and on the Technical Monograph of the prosthesis used in this study, in order to 

produce a geometric model as close as possible to the real design. In an attempt to bypass difficulties, 

in the mesh generation of the finite element mesh, introduced by geometry details, the geometry 

suffered some simplifications, namely in the tibial tray and the cement (as mentioned in Chapter III).  

Furthermore, the magnitude of the applied load was not altered when varying the tibial slope in the 

sagittal plane.  

During surgery, the alignment of the tibial component in the sagittal plane is not uniform and 

might differ from patient to patient depending on their anatomy, activities and other considerations 

including implant design [3]. Several methods of measuring tibial slopes have been described in the 

literature, namely intramedullary, extramedullary, and computer-assisted techniques. However, the 

best operative technique for achieving appropriate postoperative alignment remains unclear [2].  

Notwithstanding, due to some assumptions and simplifications, performed on both simplified 

and realistic models for this study, the adequate tibial slope in the sagittal plane was difficult to 

determine. 
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CHAPTER V 

5. Conclusions and Future Work 

 
Since alignment and positioning of the prosthetic components of the TKA influence its longevity, 

this study‟s goal was to predict computationally in which way the tibial slope in the sagittal plane 

influences the fixation of the cement applied between the bone and the implant. For that, a shear 

stress analysis was performed in order to understand from which slope the clinical performance is 

affected. In this way, the creation of the geometric models, both the realistic model (composed by the 

tibia and the respective tibial components of the TKA prosthesis) and the simplified model (an 

elementary model that was created to understand the influence of the tibial slope in the fixation of the 

cement), and subsequent usage of the FE analysis methods for these models were critical to reach 

some conclusions and achieve the goal of the study. 

From the literature review, comprising various sources, it was concluded that there are no 

reports or papers showing the influence of the slope of the tibial component in the sagittal plane on the 

shear stress. Furthermore, this study is difficult to compare with the literature that is based on clinical 

studies, since in these there usually is a comparison of different techniques for prosthesis alignment, 

instead of a study on the most adequate tibial slope in the sagittal plane, which is, from the empirical 

knowledge, a critical factor for a successful post-surgery. Moreover, the anatomy of the knee differs 

from patient to patient, rendering it difficult to provide the adequate tibial slopes in the sagittal plane. 

In order to achieve the goal of this study, the shear stresses generated at the bone-cement and 

implant-cement interfaces were analysed, by varying the slope of the tibial component in the sagittal 

plane. In a general manner, according to the results obtained, four different approaches were taken for 

both the simplified and the realistic models.  

The results for the realistic model were inconclusive, as can be evaluated along the results and 

their correspondent discussion in the previous chapter. There is no consensus on the best tibial slope 

for the realistic model as well as it was not possible to predict the slope from which the fixation of the 

tibial component can be affected. In what concerns the simplified model, it shows a better agreement 

with the medical empirical knowledge, since it shows a positive parabolic tendency. Despite the fact 

that these results are in concordance with what was expected, it is not possible to predict exactly 

when the fixation of the cement is threatened through the variation of the slope in the sagittal plane.  

This study comprises a few assumptions that can compromise its results, with various 

implications, which are the following:  

The results were obtained using two load cases, with one case corresponding to a physiological 

load (physiological load) extracted from a single subject with a specific prosthesis design. This is not 

enough for a proper comparison of the results, so a large number of loads should be considered for a 

better accuracy of the results. Besides, the loading condition used that was measured by instrumented 
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prostheses was a simplification in terms of the total loads applied to the tibia, since forces associated 

to tendons, ligaments and other soft tissues between the femur and the tibia were not considered. 

 The applied physiological load case was based on the study developed by G. Bergmann et al. 

[64], where the load values were obtained for aligned tibial components. In our work the same load 

value was applied for all the models, independently of the slope of the tibial component. However, it is 

reported that in TKA the tibial component slope directly affects load transmission  [70], thus offering a 

possible explanation of the inconclusive results of this study.  

The properties of the tibia and the TKA prosthesis components were considered as identical to 

the human knee with TKA prosthesis. The bone was modelled considering isotropic and homogeneous 

properties in order to simplify the FE analysis. Furthermore, the type of finite elements used, as well 

as the mesh refinement, affects the accuracy of the results. 

This study was performed taking into account only the static loading condition. This is a 

significant limitation, since that in real-life the knee joint provides mobility and supports the body‟s 

weight during static and dynamic activities, and not only in static activities, rendering it more 

vulnerable and subsequently compromising the stability of the TKA. Future research works could be 

performed in order to examine the effect of the tibial slope in the sagittal plane under dynamic loading 

situations. 

In the future, if any experimental studies were performed in which load data would be detected 

for different slopes of the tibial component in the sagittal plane, it would be possible to apply for each 

slope in the sagittal plane the respective load. By applying distinct loads and performing the same 

study, i. e. to evaluate in which way the slope in the sagittal plane influences the fixation of the cement 

between the bone and implant, through shear stress distribution analyses of the bone-cement and 

implant-cement interfaces, we could more accurately detect the critical slope from which the tibial 

component detaches from the tibia. 

An alternative could be the usage of a co-simulation modulation, i.e. the cooperation between a 

dynamic model of the lower limb with a finite element model. The objective would be to capture the 

loads applied on the joint by varying the geometry using the dynamic model. These loads could then 

be used in the FE modelling.  

This study could be further developed to improve the tibial FE model by making an analysed 

of the stress in the bone, in order to evaluate the influence of the tibial slope in the sagittal plane. 

Furthermore, it would be interesting to perform the same study, analysing the shear stress by varying 

the slope not only in the sagittal plane but also in the frontal plane. Finally, the displacement on the 

interface must also be evaluated, since the displacement is determinant for the stability of the implant, 

which consequently will influence the arthroplasty success. 

 
 
 
 
 
 
 
 



  

    55 

 

References 

[1] Slamin, J., and Parsley, B., 2012, “Evolution of customization design for total knee 
arthroplasty.,” Curr. Rev. Musculoskelet. Med., 5(4), pp. 290–5. 

[2] Talmo, C. T., Cooper, A. J., Wuerz, T., Lang, J. E., and Bono, J. V, 2010, “Tibial component 
alignment after total knee arthroplasty with intramedullary instrumentation: a prospective 
analysis,” J. Arthroplasty, 25(8), pp. 1209–15. 

[3] Minoda, Y., Kobayashi, A., Iwaki, H., Ohashi, H., and Takaoka, K., 2009, “TKA sagittal 
alignment with navigation systems and conventional techniques vary only a few degrees.,” Clin. 
Orthop. Relat. Res., 467(4), pp. 1000–6. 

[4] Bae, D. K., Song, S. J., Yoon, K. H., Noh, J, H., and Moon, S. C., 2012, “Comparative study of 
tibial posterior slope angle following cruciate-retaining total knee arthroplasty using one of three 
implants.,” Int. Orthop., 36(4), pp. 755–60. 

[5] Seo, S. S., Kim, C. W., Kim, J. H., and Min, Y. K., 2013, “Clinical Results Associated with 
Changes of Posterior Tibial Slope in Total Knee Arthroplasty,” Knee Surg. Relat. Res., 25(1), 
pp. 25–29. 

[6] Completo, A., Fonseca, F., and Simões, J. A., 2007, “Finite element and experimental cortex 
strains of the intact and implanted tibia,” J. Biomech. Eng., 129(5), pp. 791–7. 

[7] Gamelas, J., 2006, “Artroplastias Totais do Joelho – Estudo comparativo de dois métodos de 
alinhamento no posicionamento do componente tibial,” Tese de Doutoramento, Faculdade de 
Ciências Médicas da Universidade Nova de Lisboa. 

[8] Oswald, M., Jakob, R., Schneider, E., and Hoogewoud, H., 1993, “Radiological analysis of 
normal axial alignment of femur and tibia in view of total knee arthroplasty,” J. Arthroplast., 
8(4), pp. 419–426. 

[9] Bai, B., Baez, J., Testa, N. N., and Kummer, F. J., 2000, “Effect of posterior cut angle on tibial 
component loading,” J. Arthroplasty, 15(7), pp. 916–920. 

[10] Hofmann, A. A., Bachus, K. N., and Wyatt, R. W., 1991, “Effect the tibial cut on subsidence 
following total Knee arthoplasty,” Clin. Orthop. Relat. Res., 263, p. 63. 

[11] Han, H. S., Chang, C. B., Seong, S. C., Lee, S., and Lee, M. C., 2008, “Evaluation of anatomic 
references for tibial sagittal alignment in total knee arthroplasty.,” Knee Surg. Sports Traumatol. 
Arthrosc., 16(4), pp. 373–7. 

[12] Kim, Y.-H., Kim, J.-S., and Yoon, S.-H., 2007, “Alignment and orientation of the components in 
total knee replacement with and without navigation support: a prospective, randomised study,” 
J. Bone Joint Surg. Br., 89(4), pp. 471–6. 

[13] Yercan, H. S., Sugun, T. S., Bussiere, C., Ait Si Selmi, T., Davies, A., and Neyret, P., 2006, 
“Stiffness after total knee arthroplasty: prevalence, management and outcomes,” Knee, 13(2), 
pp. 111–7. 

[14] Dorr, L. D., and Boiardo, R. A., 1986, “Technical considerations in total knee arthroplasty,” Clin 
Orthop, 205, p. 5. 

[15] Ecker, M. L., Lotke, P. A., Windsor, R. E., and Al., E., 1987, “Long-term results after total 
condylar knee arthroplasty: significance of radiolucent lines,” Clin Orthop, 216, p. 151. 



  

    56 

 

[16] Levangie, P. K., and Norkin, C. C., 2005, Joint Structure and Function : A Comprehensive 
Analysis, Philadelphia: F. A. Davis Company, pp. 414-457. 

[17] Palastanga, N., Field, D., and Soames, R., 2002, Anatomy and Human Movement Structure 
and Function. 4th Ed., Butterworth-Heinemann, pp.345-389. 

[18] Bendjaballah, M. Z., Shirazi-Adl, A., and Zukor, D. J., 1995, “Biomechanics of the human knee 
joint in compression : reconstruction, mesh generation and finite element analysis,” Knee, 2(2), 
pp. 69–79. 

[19] Tortora, G. J., and Derrickson, B., 2010, Introduction to the Human Body: the essentials of 
anatomy and physiology. 8th ed., John Wiley & Sons, Inc. 

[20] Srinivas, J., 2014, “Analysis of Materials for Tibia Tray component of Artificial Knee Joint,” Int. 
J. Inov. Res. Eng. Multidiscip. Phys. Sci., 2(1), pp. 13–21. 

[21] Tortora, G., and Derrickson, B., 2008, Principles of anatomy and physiology. 13th Ed, John 
Wiley & Sons, Inc., pp. 316-326. 

[22] Standring, S., 2008, Gray ‟ s Anatomy: The Anatomical Basis of Clinical Practice. 40th ed, 
Churchill Livingstone Elsevier, London, pp. 2531-2568. 

[23] Marilyn, B., and Turner, L., 2011, “Joint adventures: The path to total knee replacement,” Am. 
Nurse Today, (March), pp. 27–32. 

[24] Messner, K., and Gao, J., 1998, “The menisci of the knee joint . Anatomical and functional 
characteristics , and a rationale for clinical treatment,” J. Arthroplast., 193, pp. 161–178. 

[25] Brindle, T., Nyland, J., and Johnson, D. L., 2001, “The Meniscus : Review of Basic Principles 
with Application to Surgery and Rehabilitation,” J. Athl. Train., 36(2), pp. 160–169. 

[26] Mow, V. C., Anthony, R., and Woo, S. L., 1990, Biomechanics of Diarthrodial Joints. Volume I, 
Springer-Verlag. 

[27] Johal, P., Williams, A., Wragg, P., Hunt, D., and Gedroyc, W., 2005, “Tibio-femoral movement 
in the living knee. A study of weight bearing and non-weight bearing knee kinematics using 
„interventional‟ MRI,” J. Biomech., 38, pp. 269–276. 

[28] Beillas, P., Papaioannou, G., Tashman, S., and Yang, K. H., 2004, “A new method to 
investigate in vivo knee behavior using a finite element model of the lower limb,” J. Biomech., 
37, pp. 1019–1030. 

[29] Spence, A. P., 1990, Basic Human Anatomy. 3rd ed, Benjamin-Cummings Co, Michigan. 

[30] Darrow, M., 2002, The Knee sourcebook, 1st ed., McGraw-Hill. 

[31] Buechel, F. F., 2002, “Knee arthroplasty in post-traumatic arthritis,” J. Arthroplasty, 17(4), pp. 
63–68. 

[32] Chou, D. T. S., Swamy, G. N., Lewis, J. R., and Badhe, N. P., 2012, “Revision of failed 
unicompartmental knee replacement to total knee replacement.,” Knee, 19(4), pp. 356–9. 

[33] P . F . C . Sigma Knee System: Technical Monograph, 2000, England: DePuy International Ltd. 

[34] Heinlein, B., Kutzner, I., Graichen, F., Bender, A., Rohlmann, A., Halder, A. M., Beier, A., and 
Bergmann, G., 2009, “Complete data of total knee replacement loading for level walking and 



  

    57 

 

stair climbing measured in vivo with a follow-up of 6-10 months,” Clin Biomech (Bristol, Avon), 
24(4), pp. 315–326. 

[35] P.F.C. Sigma Knee System: Primary cruciate-retaining and cruciate-substituting procedures., 
2000, England: DePuy International Ltd. 

[36] Beckmann, J., Lüring, C., Springorum, R., Köck, F. X., Grifka, J., and Tingart, M., 2011, 
“Fixation of revision TKA: a review of the literature,” Knee Surg. Sports Traumatol. Arthrosc., 
19(6), pp. 872–9. 

[37] Whiteside, L. A., and Amador, D. D., 1988, “The Effect of Posterior Tibial Slope on Knee 
Stability After Ortholoc Total Knee Arthroplasty,” J. Arthroplasty. 

[38] Bellemans, J., Ries, M. D., and Victor, J., 2005, “Total knee arthroplasty: a guide to get better 
performance,” Ger. Springer. 

[39] Femandes, P. R., Folgado, J., Jacobs, C., and Pellegrini, V., 2002, “A contact model with 
ingrowth control for bone remodelling around cementless stems,” J. Biomech., 35(2), pp. 167–
176. 

[40] Sparmann, M., Wolke, B., Czupalla, H., Banzer, D., and Zink, A., 2003, “Positioning of total 
knee arthroplasty with and without navigation support. A prospective, randomised study,” J 
Bone Jt. Surg [Br], 85(60), pp. 830–5. 

[41] Completo, A., Rego, A., Fonseca, F., Ramos, A., Relvas, C., and Simões, J. A., 2010, 
“Biomechanical evaluation of proximal tibia behaviour with the use of femoral stems in revision 
TKA: an in vitro and finite element analysis,” Clin. Biomech. (Bristol, Avon), 25(2), pp. 159–65. 

[42] Darwish, S. M., and Al-Samhan, a., 2008, “The effect of cement stiffness and tibia tray material 
on the stresses developed in artificial knee,” Int. J. Adhes. Adhes., 28(3), pp. 120–125. 

[43] Rakotomanana, L. R., 2000, “The long- Term behaviour of human joints with orthopedic 
prostheses: finite element models,” (September). 

[44] Lützner, J., Krummenauer, F., Wolf, C., Günther, K.-P., and Kirschner, S., 2008, “Computer-
assisted and conventional total knee replacement: a comparative, prospective, randomised 
study with radiological and CT evaluation.,” J. Bone Joint Surg. Br., 90(8), pp. 1039–44. 

[45] Chan, Â. V., 2014, “Biomechanical analysis of the influence of different tibial designs in TKA,” 
PhD Degree, Instituto Superior Técnico. 

[46] Completo, A., Simões, J. A., Fonseca, F., and Oliveira, M., 2008, “The influence of different 
tibial stem designs in load sharing and stability at the cement-bone interface in revision TKA,” 
Knee, 15(3), pp. 227–32. 

[47] Completo, A., Fonseca, F., and Simões, J. A., 2008, “Strain shielding in proximal tibia of 
stemmed knee prosthesis: experimental study,” J. Biomech., 41(3), pp. 560–6. 

[48] Au, A. G., Raso, V. J., Liggins, A. B., and Amirfazli, A., 2007, “Contribution of loading 
conditions and material properties to stress shielding near the tibial component of total knee 
replacements.,” J. Biomech., 40(6), pp. 1410–6. 

[49] Bendjaballah, M. Z., Shirazi-Adl, A., and Zukor, D. J., 1995, “Biomechanics of the human knee 
joint in compression : reconstruction, mesh generation and finite element analysis,” Knee, 2(2), 
pp. 69–79. 



  

    58 

 

[50] Wong, J., Steklov, N., Patil, S., Flores-Hernandez, C., Kester, M., Colwell, C. W., and D‟Lima, 
D. D., 2011, “Predicting the effect of tray malalignment on risk for bone damage and implant 
subsidence after total knee arthroplasty,” J. Orthop. Res., 29(3), pp. 347–53. 

[51] Poelert, S., Valstar, E., Weinans, H., and Zadpoor, A. A., 2013, “Patient-specific finite element 
modeling of bones.,” J. Eng. Med., 227(4), pp. 464–78. 

[52] Reddy, J. N., 2006, An Introduction to the Finite Element Method, McGraw-Hill,New York, 3rd 
edition. 

[53] Garc, J. M., and Doblar, M., 2001, “Application of an anisotropic bone-remodelling model 
based on a damage-repair theory to the analysis of the proximal femur before and after total 
hip replacement,” 34, pp. 1157–1170. 

[54] Orías, E., Deuerling, J. M., Landrigan, M. D., Renaud, J. E., and Roeder, R. K., 2009, 
“Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur,” J. 
Mech. Behav. Biomed. Mater., 2(3), pp. 255–63. 

[55] Hull, M. L., 2002, “A Finite Element Model of the Human Knee Joint for the Study of Tibio-
Femoral Contact,” J. Biomech. Eng., 124(3), p. 273. 

[56] Miyoshi, S., 2002, “Analysis of the shape of the tibial tray in total knee arthroplasty using a 
three dimension finite element model,” Clin. Biomech., 17, pp. 521–525. 

[57] Iesaka, K., Tsumura, H., Sonoda, H., Sawatari, T., Takasita, M., and Torisu, T., 2002, “The 
effects of tibial component inclination on bone stress after unicompartmental knee 
arthroplasty,” J. Biomech., 35(7), pp. 969–74. 

[58] Bahraminasab, M., Sahari, B. B., Roshdi, M., and Arumugam, M., 2011, “Finite Element 
Analysis of the Effect of Shape Memory Alloy on the Stress Distribution and Contact Pressure 
in Total Knee Replacement,” 25(3), pp. 95–100. 

[59] Abaqus Analysis User‟s Manual. 2010, Version 6.10, Dassault Systemes. 

[60] Viceconti, M., Muccini, R., Bernakiewicz, M., Baleani, M., and Cristofolini, L., 2000, “Large-
sliding contact elements accurately predict levels of bone implant micromotion relevant to 
osseointegration,” J. Biomech., 33, pp. 1611–1618. 

[61] Jeffers, J. R. T., Browne, M., Lennon, A. B., Prendergast, P. J., and Taylor, M., 2007, “Cement 
mantle fatigue failure in total hip replacement: experimental and computational testing,” J. 
Biomech., 40(7), pp. 1525–33. 

[62] Verdonschot, N., and Huiskes, R., 1997, “The effects of cement-stem debonding in THA on the 
long-term failure probability of cement,” J. Biomech., 9290(97). 

[63] Mann, K. A., Bartel, D. L., Wright, T. M., and Burstein, A. H., 1995, “Coulomb frictional 
interfaces in modeling cemented total hip replacements: a more realistic model,” 2(9), pp. 
1067–1078. 

[64] Bergmann, G., Bender, A., Graichen, F., Dymke, J., Rohlmann, A., Trepczynski, A., Heller, M., 
and Kutzner, I., 2014, “Standardized loads acting in knee implants,” PlosOne, 9(1). 

[65] Kutzner, I., Heinlein, B., Graichen, F., Bender, A., Rohlmann, A., Halder, A., Beier, A., and 
Bergmann, G., 2010, “Loading of the knee joint during activities of daily living measured in vivo 
in five subjects,” J. Biomech., 43(11), pp. 2164–73. 



  

    59 

 

[66] Orthoload: Loading of orthopaedic implants. [cited May, 2014]; Available from: 
http://www.orthoload.com/main.php. 

[67] Viceconti, M., Bellingeri, L., Cristofolini, L., and Toni, A., 1998, “A comparative study on 
different methods of automatic mesh generation of human femurs,” Med Eng Phys, 20(1), pp. 
1–10. 

[68] Viceconti, M., Bellingeri, L., Cristofolini, L., and Toni, A., 1998, “A comparative study on 
different methods of automatic mesh generation of human femurs.,” Med Eng Phys, 20(1), pp. 
1–10. 

[69] Ramos, A., and Simoes, J. A., 2006, “Tetrahedral versus hexahedral finite elements in 
numerical modelling of the proximal femur.,” Med Eng Phys, 28(9), pp. 916–24. 

[70] Sugama, R., Minoda, Y., Kobayashi, A., Iwaki, H., Ikebuchi, M., Hashimoto, Y., Takaoka, K., 
and Nakamura, H., 2011, “Sagittal alignment of the lower extremity while standing in female,” 
Knee Surg. Sports Traumatol. Arthrosc., 19(1), pp. 74–9. 

[71] WebMD. [cited September 2014]; Available from: http://www.webmd.com/pain-
management/knee-pain/picture-of-the-knee. 

[72] American Academy of Orthopaedic Surgeons. [cited September, 2014]; Available from: 
http://orthoinfo.aaos.org/. 

[73] Knee replacement. [cited September 2014]; Available from: 
http://www.kneeclinic.info/problems_total_replacement.php. 

[74] [cited December,2014]; Available from: 
http://www.gwc.maricopa.edu/class/bio201/femur/femur_anterior_distal.htm. 

[75] [cited December,2014]; Available from: 
http://www.gwc.maricopa.edu/class/bio201/tibia/tibia_antlat_prox.htm.  

  

 

 

 

 

 

 

 

 

 

 



  

    60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

    61 

 

Appendix A 

A.1 Contact Pressure 

Simplified Model 

 Absence of stem 

 

 

 Presence of stem 

Figure A. 2: Contact Pressure varying the slope in the sagittal plane: tie contact implant-cement interface with an 

axial force. 

Figure A. 1: Contact Pressure varying the slope in the sagittal plane: tie contact implant-cement interface with 
an axial force. 
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Figure A. 3: Contact Pressure varying the slope in the sagittal plane: friction contact implant-cement interface 
with an axial force. 

 

Figure A. 5: Contact Pressure varying the slope in the sagittal plane: Friction contact implant-cement interface 
with realistic load. 

Figure A. 4: Contact Pressure varying the slope in the sagittal plane: Tie contact implant-cement interface with 

realistic load. 
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Realistic Model 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 6: Contact Pressure varying the slope in the sagittal plane: Tie contact implant-cement interface with 
an axial force. 

Figure A. 7: Contact Pressure varying the slope in the sagittal plane: Friction contact implant-cement interface 
with an axial force. 
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A.2 Von Misses  

Simplified model 

 Absence of stem 

 

Figure B. 1: Von Misses varying the slope in the sagittal plane: tie contact implant-cement interface 

with an axial force. 

 

 

 Presence of stem 

 
Figure B. 2: Von Misses varying the slope in the sagittal plane: tie contact implant-cement interface with an axial 

force. 
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Figure B. 3: Von Misses varying the slope in the sagittal plane: frictional contact implant-cement interface with an 

axial force. 

 

 
Figure B. 4: Von Misses varying the slope in the sagittal plane: tie contact implant-cement interface with a 

physiological load. 

 

 

 

Figure B. 5: Von Misses varying the slope in the sagittal plane: frictional contact implant-cement interface with a realistic 
load. 
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Realistic Model 

 

Figure B. 6: Von Misses varying the slope in the sagittal plane: tie contact implant-cement interface with an axial 

force. 

 

Figure B- 7: Von Misses varying the slope in the sagittal plane: frictional contact implant-cement interface with an 

axial force. 

 

Figure B-8: Von Misses varying the slope in the sagittal plane: tie contact implant-cement interface with a 

physiological load. 
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Figure B-9: Von Misses varying the slope in the sagittal plane: frictional contact implant-cement interface with a 

realistic load. 


