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1 Introduction 

Total knee replacement (TKR) has evolved to become one of the most important 

and frequent orthopedic surgeries since its’ origin in the middle of the 20th century, with 

around 16000 knee replacements performed every year in the Czech Republic and this 

number is expected to rise to 28000-30000 [1]. With an increasing number of people 

suffering from arthrosis and knee damage caused by injuries, it is necessary to be able 

to provide a solution for these patients. They are often in pain and the bone damage to their 

knee joint is so severe it affects their everyday movement, preventing them from enjoying 

their regular activities. With the replacement of their knee using a modern implant, they can 

often resume most of their previously abandoned activities of daily living. Although the knee 

joint prosthesis field has evolved immensely in the past 70 years, there are still limitations 

to improve. Implants can get infected and not properly integrate in the body, requiring 

the patients to go trough revision surgery, which makes up for 20 % of all TKR‘s in the 

Czech Republic [2]. The common causes for revision are implant loosening, infection, wear 

and instability. This does not only increase the cost of the surgery, but most importantly puts 

the patient through even more discomfort. Further enhancements should therefore be done 

in the material and construction aspect of implants. 

The aim of my research project is to investigate the effect of implant balancing on its’ 

wear and lifetime. This process of releasing and resecting ligaments follows the removal 

of osteophytes (bone projections along the joint) and menisci. It currently mostly relies 

on the surgeons’ experience. It is considered one of the key parts of a successful knee 

replacement, because it ensures a balanced and stable knee without asymmetrical medial 

or lateral gaps and helps recover full mobility of the joint. The improper balancing could 

lead to tighter medial/lateral ligaments, resulting in higher contact pressure and wear on one 

of the condyles. This would not only mean the reoccurence of a valgus/varus deformity, but 

higher wear rates lead to shorter implant lifetimes and needs for further reoperations. Proper 

ligament balancing can therefore prolong the lifetime of the implant, reduce the risk 

of reoperations, lower the costs and provide a smooth experience for the patient. 

In the theoretical part, I will present fundamental facts about the knee anatomy and its’ 

biomechanics. Implant types and materials will also be discussed before the topic of ligament 

balancing is introduced and explained. The fundamentals of wear tribology will 

be presented, since the linear wear of the knee implant will be evaluated. 
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The practical part will consist of two parts. A finite element model simulation of the 

knee implant will be conducted in the balanced and unbalanced state. Contact pressure 

and linear wear depth will be evaluated. Then two tibial inserts will be tested in the wear 

simulator, with one of them being exposed to an added spring to simulate the unbalanced 

knee.  
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2 Theoretical Part 

 The Knee Joint Anatomy 

The knee (articulatio genus, figure 1) is the largest and most complex joint in the human 

body. It is a modified hinge joint which permits front plane motion during flexion 

and extension. The knee consists of two articulations – a tibiofemoral and a patellofemoral. 

[3] 

 

Figure 1: Anatomy of the Knee Joint [4] 

2.1.1 Patella 

The patella is a bone in the tendon insertion area of musculus (m.) quadriceps femoris. 

The anterior patellar area (facies anterior) is part of this tendon, while its posterior part 

(facies posterior) is covered in cartilage and is adjacent to facies patellaris femoris of the 

femur. [3] 

2.1.2 Femur 

The femur (os femoris) is the longest and most massive bone in the body. The proximal 

part consists of a round head (caput femoris) which is part of the hip joint. The distal part, 

that articulates in the knee is made of two rounded bulges – the medial and lateral condyles. 

[3] 
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2.1.3 Tibia 

The tibia has a wider proximal part which interacts with the femur in the tibiofemoral 

joint. This upper area consists of a medial and lateral condyle and together they form an area 

called facies articularis superior. The articular surface of the medial condyle is elliptical 

and hollow, while the surface of the lateral condyle is smaller and flat. Between these two 

condyles lies an elevation eminentia intercondylaris. [3] 

2.1.4 Articular capsule 

The articular capsule (figure 2) is structurally complicated and variously indented in its’ 

fibrous and synovial layer. 

The fibrous layer is attached at the tibia and patella on the edges of their articular 

surfaces and at the femur around 1–1.5 cm from its joint surfaces. The capsule does not cover 

femoral epicondyles where muscles and ligaments insert. [3, 5] 

 

Figure 2: Knee joint [6] 

2.1.5 Ligaments 

Ligaments of the knee articulation can be divided into two groups – ligaments of the 

knee capsule and interarticular ligaments. Knee capsule ligaments can also be separated into 

anterior, posterior and collateral ligaments. 
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• Anterior knee capsule ligaments 

The tendon of musculus quadriceps femoris inserts at the patella and continues as the 

patellar ligament, which goes from the patella to tibial tuberosity. Apex patellae is embedded 

in this ligament. [3] 

Fibrous bands along the sides of the patella, that go from m. quadriceps femoris to the 

tibia, are called retinaculum patellae mediale et laterale. The lateral retinaculum is also 

strengthened by the connection to tractus iliotibialis. [3] 

• Posterior knee capsule ligaments 

Ligamentum popliteum obliquum is located lateroproximaly along the posterior side 

of the knee capsule. It is not a real joint ligament, but rather the continuation of the tendon 

of musculus semimembranosus. [3] 

The fibular side includes the ligamentum popliteum arcuatum that creates an open arch 

in its proximal part. This arch is convex and produces fibrous bands from its convexities that 

go to caput fibulae. This structure resembles the letter “Y”. [3] 

• Collateral knee ligaments 

Ligamentum collaterale tibiale is wide and flat and in its posterior part connected via 

the knee capsule with the medial meniscus. It begins on the medial epicondyle of the femur 

and inserts at the tibia approximately 6-9 mm under the knee cleft. This ligament 

is completely stretched during knee extension where it stabilises the knee. [3] 

Ligamentum collaterale fibulare forms a rounded fascicle that sticks out of the knee 

capsule, because of the fat tissue and blood vessels that are positioned between the ligament 

and capsule in the knee cleft area.  This ligament is on the lateral side of the knee and goes 

from the lateral epicondyle femoris to the back of caput fibulae (1 cm under the top). 

It is completely stretched during knee extension. [3] 

• Intraarticular ligaments 

Ligamentum cruciatum anterius attaches at the medial area of the lateral femoral 

condyle inserts at the anterior intercondylar are of the tibia. [3] 

Ligamentum cruciatum posterius goes from the outter area of the medial femoral 

condyle to the area intecondylaris posterior tibia. It crosses the anterior cruciate ligament 

at its back. [3] 
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Cruciate ligaments ensure the stability of the knee, especially during flexion, when they 

stretch. The also limit the possible knee rotation by twisting. The ACL limits anterior tibial 

movement and ensures medial rotation of the shank. It is maximally loaded during medial 

rotation, especially when the knee is in hyperextension. PCL limits posterior tibial 

movement and lateral rotation. [3] 

Ligamentum transversum genus is incorporated in the knee capsule and plica 

infrapatellaris and connects both of the menisci. [3] 

Ligamentum meniscofemorale posterius et anterius fixate the posterior tip of the lateral 

meniscus. They are located around the posterior and anterior face of the posterior cruciate 

ligament and insert at the medial femoral condyle. [3] 

2.1.6 Menisci 

The contact between articular surfaces of the femur a tibia wouldn’t be ideal, because 

the curvature of the femur condyles is bigger, and its shape does not respond to the proximal 

tibial articular surfaces. To prevent this, two menisci (figure 3) exist. Both menisci 

are formed peripherally by dense fibrous tissue which continues into fibrocartilage. They 

are higher along their outer perimeter and very thin along the inner perimeter. During 

movement they move to the front and back while changing their shape at the same time. 

The medial and lateral meniscus differ in both shape and size. [3, 5] 

 

Figure 3: Front of the Knee view with menisci and Cruciate ligaments [7] 
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2.1.7 Bursae mucosae 

Bursas are small sacks which are lined by synovial tissue and contain liquid. They are 

located (figure 4) in areas of friction and pressure and some of them communicate with 

thearticular cavity. [3] 

 

Figure 4: Knee Bursae [8] 

2.1.8 Muscles of the knee joint 

The knee joint is affected by muscles of the thigh, shank and two pelvic muscles that 

also contribute to the stabilisation (figure 5). 
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Figure 5: Muscles of the Knee [9] 

2.1.8.1 Thigh muscles 

• Ventral group  

Musculus sartorius (figure 6) begins at spina iliaca anterior superior and ends at the pes 

anserinus. M. sartorius takes part in knee flexion and internal rotation while in flexion. [3] 

Musculus quadriceps femoris is formed by four muscles. The longest of these is m. 

rectus femoris which starts at the spina iliaca anterior inferior of the pelvic bone. All three 

other muscles origin at the femur and and almost completely cover it. They are called – m. 

vastus medialis, lateralis and intermedius. All four muscles connect above the patella and 

terminate at the patella. They are important for knee extension. [3] 
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Figure 6: Muscles of the thigh and shank [10] 

• Medial group 

The only muscle from the medial group that affects the knee joint is musculus gracilis. 

M. gracilis helps with flexion and rotation while the knee is flexed. [3] 

• Dorsal group 

Musculus biceps femoris has two heads – caput longum and caput breve. Biceps femoris 

is responsible for flexion and external rotation in flexion. [3] 

Musculus semimembranosus has a flat tendon throughout almost half of his length. M. 

semimembranosus takes part in flexion and internal rotation while in flexion. [3] 

Musculus semitendinosus begins at tuber ischiadicum and inserts through pes anserinus 

under the medial tibial condyle. This muscle takes part in knee flexion and internal rotation 

in flexion. [3] 
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2.1.8.2 Shank muscles 

• Surface layer 

Musculus triceps surae has two surface parts (m. gastrocnemius) and a deep part 

(m. soleus). Between these two layers we can find musculus plantaris. M. triceps surae helps 

with knee flexion, especially via m. gastrocnemius. [3] 

• Deep layer 

Musculus popliteus is the only deep muscle that affects the knee Musculus popliteus 

helps with knee flexion and internal rotation when in flexion. [3] 

2.1.8.3 Pelvic muscles 

Musculus gluteus maximus (figure 7) is the most important muscle for hip extension 

Gluteus maximus helps fixate knee extension through pulling on the tractus iliotibialis. [3] 

Musculus tensor fascie latae affects the knee joint through tractus tibialis as well. 

It takes part in knee rotaion and also fixates knee extension when standing. [3] 

 

Figure 7: Muscles of the hip and pelvis [11] 

 Biomechanics of the Knee Joint 

Biomechanics of the knee joint not only depend on femur loading, but also 

on the muscle forces produced by surrounding muscles. The maximum force load in the 

initial step phase is approximately 2400 N for normal gait and 4000 N when walking down 

stairs. [15] 

The knee joints responsibility is to ensure sufficient range of movement without the loss 

of stability in dynamic (walking, running, rotation) and static (standing) positions. These 
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functions are maintained through correct interaction between articular surfaces, ligaments, 

menisci and surrounding muscles. Injuries or imbalances in these structures can cause 

biomechanical changes and imbalanced loading of the joint. [16] 

The combination of specific femoral and tibial articular surfaces with the ligament 

system provides the knee joint with six degrees of freedom (figure 8). Three degrees 

in rotation and three in translation movements. The basic active movements of the knee joint 

are flexion, extension, internal and external rotation. Other movements such as tibial/femoral 

anterior and posterior translation and abduction/adduction through varus/valgus forces are 

passive. The flexible connection and stability of the femoral and tibial part of the joint are 

ensured mostly by the cruciate ligaments. [17, 18, 19] 

The degrees of freedom of a knee joint are described by osteokinematics, while the 

motion inside the joint is called arthokinematics. [19] 

 

 

Figure 8: Degrees of freedom of the knee joint [20] 

2.2.1 Flexion and Extension 

The primary movements of the knee joint are flexion and extension. The maximal 

possible flexion varies according to different authors. According to Bartoníček [21], the 

maximal flexion is 160°, but the maximal active flexion is just 140°. The other 20° percent 

can be achieved through passive movement only. Russe [22] presents the active range 

of motion as just 130°. Norkin [18] states, that the passive range of motion is 130°-140°, 

while knee flexion might be limited to 120° only and might also reach up to 160°. [23] 

Three movements are combined in flexion and extension with a fixed tibia [23, 24]: 
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• Initial rotation at the beginning of flexion and terminal rotation at the end 

of extension 

• Rolling movement of femoral condyles along the anterior tibial plateau 

• Slipping movement of femoral condyle posteriorly along the tibial plateau 

The arrangement of knee ligaments and the specific shape of articular surfaces is the 

cause of these different motions. Based on this, it is clear that there is no permanent motion 

axis. [21, 23, 25] 

Cruciate ligaments play a major part in coordinating all three movements, but especially 

in rolling and slipping. This coordination is essential for motion due to the different sized 

femoral and tibial condyles. If an injury of one of the cruciate ligaments occurs, the ratio 

between knee joint movements changes and allows more rolling. Patients with ACL lesions 

even show tribological changes due to the changed ratio between rolling and slipping 

motions. This causes premature joint wear. Collateral ligaments also help the knee resist 

hyperextension. [21, 22, 23] 

Knee joint flexion is initiated by the internal rotation of the tibia (or external rotation 

of femur) by approximately 5° during the first 15° of flexion. The range of rotation 

is individual between 5°-20°. This motion is affected by [21, 23, 26]: 

• Uneven profile and size of femoral condyles 

• Uneven shape of tibial articular surfaces 

• Uneven direction of fibres of collateral ligaments 

The rotation process is controlled by ACL tension, its’ tear or elongation does not 

prevent this movement, but does affect the center of rotation. Further flexion continues with 

rolling and slipping motions, their ratio does change with time and slipping becomes 

prevalent. [4, 21] 

The contact between the tibia and the femur keeps getting smaller and the menisci slide 

dorsally along the tibia in the final stage of flexion. The movement of the lateral meniscus 

along the tibia is much bigger (approx. 12 mm) compared to the medial meniscus (6 mm). 

[23, 25] 

During extension the motions happen in opposite order up to the terminal rotation, 

which then locks the extended knee. 
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2.2.2 Rotation 

The range of rotation depends on the amount of knee flexion. Rotation is almost 

impossible during full extension because of the tension in most ligaments. The range widens 

with gradual flexion, mostly during the first 30°. The biggest range of motion occurs between 

45°- 90° of flexion. The range of internal rotation is about 17° and external 21°. The axial 

pressure does also have a big impact on the range of rotation and decreases is by half 

in comparison to an unloaded joint. [21, 23, 26] 

Rotation is mostly affected by the alignment of ligaments, whereas articular surfaces 

have very low impact. The ligaments can be divided into three groups [4, 21, 23]: 

• Central group = cruciate ligaments 

• Medial group = medial collateral ligament and joint capsule 

• Lateral group = lateral collateral ligament and joint capsule 

Through this structural arrangement, the femoral condyles are stabilised on both sides. 

Another very important factor is the cruciate ligament crossing in the frontal plane. While 

the PCL runs almost vertically, the angle of the ACL is much steeper. This provides greater 

motion space for the lateral femoral condyle opposed to the medial condyle. We also have 

to consider the different mobility of the menisci.  The rotation kinematics depends on the 

location of the center of rotation. Most authors place this point to the external edge of the 

medial tubercle of the intercondylar eminence. [14, 21, 23, 26] 

The external rotation range of the lower leg is mostly affected by collateral ligament 

tension. The ACL takes part in the terminal phase of movements, while the PCL does 

influence the movement minimally due to its close position to the center of rotation. [21] 

Internal shank rotation is impacted by the lateral collateral ligament as well as the ACL, 

which is called the primary stabiliser by some authors, because of its crossing in the frontal 

plane. Internal rotation is also affected by the lateral meniscus and the posterolateral part 

of the joint capsule. [23, 26] 

2.2.3 ACL tension 

The ACL tension is not constant during knee movements. During full extension, 

the ACL is fully stretched. At 15° flexion the tension starts to go down and reaches its’ 

minimum at approximately 30°- 40° flexion. With further flexion, the tension starts to grow 

again, so that at 90° its anteromedial part is strongly stretched. Through external rotation the 
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ACL tension relaxes, it only starts to tense again in extremal positions. Internal rotation 

causes the ligament to stretch noticeably. [14, 21, 23, 26] 

2.2.4 Knee joint stability 

The stability of the knee joint is maintained by three stabilisation systems [21]: 

• Ligament stabilisation (passive, static) 

• Muscle (active, dynamic) stabilisation and their control system 

• Stability though the contact of articular surfaces (affected by the shape of surfaces 

and pressure forces of the knee) 

Stability also depends on the extent of flexion and possible rotation of the joint. 

Maximal stability is during full extension, where most static stabilszers stretch – cruciate 

ligaments, both collateral ligaments, joint capsule, and dynamic stabilisers are also stretched. 

[21, 26] 

2.2.5 Ligament stabilisation 

The static stabilisation system consists of ligaments and most instabilites of the knee 

joint are connected to ligament damage. Ligaments must have a sufficient strength to ensure 

proper stabilisation and mobility. Ligament weakness, which can be caused by congenital 

or aquired factors, causes knee instability and weakness in the knee joint. The form 

of instability increases with the number of damaged ligaments. Injured crucial ligaments 

allow more shifting of the tibia in the sagittal plane. Knee instability is often caused 

by a combination of factors such as the laxity of crucial/collateral ligaments, a flacid joint 

capsule and possible menisci damage. [19, 21, 23, 28] 

The ACL stabilises the anterior side of the tibia during passive movements. The effect 

of the ACL grows with the increasing range of motion. A Lachmann test can be conducted 

to diagnose a potential ACL injury. [21] 

2.2.6 Dynamic stabilisers 

Muscles around the knee joint form the active or dynamic stabilisation system. They 

key to their correct function is the neuromotoric control of the dynamic stabilisation and its’ 

retrospective control. [23, 29] 

Patients with soft tissue injuries regularly show changes in coordination and timing 

of stabilisation muscles, such as slower reaction times, slower achievement of the optimal 

moment of force and the disruption of anticipation mechanisms. [23] 
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For the dynamic support of ACL function the activation of hamstrings is required first, 

followed by mm. vasti and mm. gastrocnaemii. The hamstring preactivation is significant 

and takes up to 40 % of the stabilisation during the correction of the anterior tibial translation. 

These remarks clarify the idea that hamstrings are the agonist to the ACL. [29]  

The balanced activation of medial and lateral hamstrings is also very important 

for correct stabilisation.  The muscles must be activated sufficiently and on time. Higher 

activation on the m. biceps femoris side destabilises the knee especially against forces that 

internally rotate the femur against the tibia. This situation occurs often during long-term 

ACL insufficiency and after ACL replacement with a graft (m. semitendinosus/ m. gracilis). 

[29, 30] 

The activation of m. vastus medialis and m. vastus lateralis is also important. The knee 

is stabilised by mm. gastrocnaemii as well. This muscle group pulls the femur dorsaly against 

the tibia while compressing the joint at the same time. The coactivation with mm. vasti is 

crucial for this function. [23, 31] 

 Knee Implants 

2.3.1 Historical Review 

The first knee implant was a hinge joint invented by Börje Waldius in 1951. The fixed 

connection between the femoral and tibial part did allow movement in the sagittal plane. 

Waldius first used an implant made from acryl and later replaced this by using a metal similar 

to vitalium. His knowledge was later used by Shierse and Young who modified his invention. 

[33] 

Since the hinge implant did not respect the physiological knee motion, the forces acting 

on both bones were much higher and thus the implant got loose and caused further bone 

damage. This is therefore not used anymore today, unless it is specifically required – 

for example in patients with bone tumors. Hinge joints were adjusted to decrease the bone 

forces and they do not require as invasive bone resections as before. The construction 

is based on joints with low friction and with polyethylene contact surfaces. The disadvantage 

of this joint is its’ complicated structure, which is at higher risk of damage. [34]  

Further development later led to the invention of condylar implants which use thin 

components which imitate the physiological shape of the tibia and femur. This construction 

allows almost full range of movement, but it is crucial that collateral ligaments are preserved 

during the procedure. First condylar implants used simple geometric shapes such 



 25 

as Gunston’s implant. This model was not used for very long, because the contact forces 

were accumulating under the implant in the tibia and the implant became loose. A more 

advanced version was Freeman – Swanson’s implant which had two modifications – one 

was used for crucial ligaments retaining procedure, while the other did not require 

the presence of the ligaments. [33, 34] 

The most popular prosthesis in the 80’s was the Geomedic implant, that was invented 

by Coventry et al. which ensures good range of motion and necessary rotation and stability. 

It required the complete preservation of all knee ligaments and the femoral component did 

not have a patellar contact surface. The femoral component was further enhanced to achieve 

better rotation and flexion by reducing the curvature of femoral condyles and later on the 

patellar surface was also added. The material used for the femoral part was a metal (Co or 

Ti alloy) and high molecular polyethylene was used for the tibia. [33, 34] 

One of the first „modern “implants that included the tibial plateau was invented by Insall 

in 1974. A metal rod was inserted which provided a more even force distribution at the 

proximal tibial end and therefore improved the properties of the tibial component. Thanks 

to this, the indications for surgery were expanded to joints with big insufficiencies 

or complete crucial ligaments defects. [33,34] 

The condylar implant was further improved by Insall, Lachiewiz and Bumstein 

to a dorsally stabilised model in 1979. Their femoral implant had a transversal cam which 

enabled knee flexion to up to 120°. Another anatomical implant was introduced 

by Howmedica and was called Townley. Menisci implants were invented in the 1980’s. 

They provided translation and rotation movements in a similar range to the knee joint. These 

implants are very complicated structure wise and therefore difficult to manufacture, which 

lead to their high price. [33, 34] 

 Materials used in Knee Implants 

The requirements for knee implant materials are very high and strict. They must have 

very good strenght and friction properties and of course be biocompatible. This means that 

they must be tolerated inside the human body and be resilient to it. Also, they must have 

high corrosion resistance not only to the material itself, but also to any products that might 

be produced due to friction. It is important to realise, that the introduction of a new material 

or new production technology requires a long-term testing process, which includes testing 
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the product on animal models. The most used materials in implants are metals and metal 

alloys, ceramics and plastics. [36, 37] 

2.4.1 Ceramic materials 

A ceramic implant using aluminium oxide was first produced in Japan in the 1980’s. 

The benefit of ceramics in comparison to metals is their hardness and pressure strength. They 

can also achieve very smooth surfaces, have high resistance against abrasion and are greatly 

tolerated by the human body. Their disadvantages include fragility, low fracture resistance 

and complicated manufacturing where it is very difficult to reproduce more implants in a 

series. The most used ceramics materials are aluminium oxide Al2O3 and zirconium oxide 

ZrO2. [38, 39] 

2.4.2 Metal materials 

Metals and metal alloys are frequently used for knee joint implants. They have very 

convenient mechanical properties, which can be adapted to specific needs, and they can also 

be altered using various technologies. Their chemical properties vastly depend on the atomic 

bonds and the mechanical properties are established by the crystallographic structure. [37, 

38] 

Pure metals themselves do usually not meet the requirements for implants, so they are 

altered by adding other components and creating alloys. The most significant alloys used 

in knee implants are Cr-Ni-Mo, Co-Cr-Mo and various Ti alloys. [37] 

2.4.3 Plastic materials 

Plastic materials are organic macromolecular materials (polymers). They usually 

contain additives to help achieve better properties. They can be divided into low molecular 

polymers with low molecular weights and high molecular polymers with high molecular 

weight. These weights determine their mechanical, physical and chemical properties. 

Polymers used throughout the history include: polytetrafluorethylene PTEE, polyester PET, 

polyethylene PE, polymethylmethacrylate PMMA (bone cement) and polyetheretherketone 

PEEK. PTEE and PET were not used for very long due to their unsatisfying integration 

inside the body, so most used ones are PE and PMMA. PEEK has been primarily used for 

spinal implants, but recent projects have introduced PEEK-based knee joints. This material 

has similar properties to natural bones and is cheaper and lighter compared to metals. [33, 

38, 40] 
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2.4.4 UHMWPE 

Bearing surfaces of joint replacements (figure 9) are usually made of ultrahigh 

molecular weight polyethylene (UHMWPE). It is currently the most efficient material 

in terms of mechanical properties, biocompatibility and wear resistence, although 

UHMWPE wear is still one of the most frequent reasons behind implant failures. [41] 

 

Figure 9: UHMWPE tibial insert [42] 

The properties of UHMWPE highly depend on its‘ processing and post-processing. 

These can positively affect the material and increase its‘ wear resistence and oxidation 

stability. In order to preserve a high purity in materials used for medical purposes, 

modifications cannot include further chemical additives. To achieve better properties, 

ionization, thermal modification, stabilisation with vitamin E and sterilization are frequently 

used. Cross-linking of UHMWPE leads to higher molecular weights and wear resistence, 

but slighty worse mechanical parameters such as strength and ductility. Four generations 

of UHMWPE are currently known. The density of cross-links is affected by the irradiation 

dose, for lower densities it is up to 40 kGy, whereas 50–100 kGy is used for highly cross-

linked UHMWPE. [41, 43] 

1. The 1st generation does not include any significant modifications except 

for sterilization by gamma-irradiation with doses of 25–45 kGy. [41] 

2. The 2nd generation is modified by using higher doses (50–100 kGy) of radiation. 

After that, thermal modification to eliminate residual radicals and improve 

unwanted oxidation takes place and is followed by sterilization using ethylene 

oxide or gas plazma. The 2nd generation is also called highly cross-linked 

UHMWPE. [41] 
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3. The 3rd generation improves mechanical and oxidative properties of the 2nd 

generation by sequential irradiation or vitamin E stabilisation. Vitamin E 

is a natural antioxidant. It is a non-polar substance which can be dissolved in other 

non-polar materials such as UHMWPE. Therefore, it doesn’t tend to unbind from 

the UHMWPE. Thermal treatment is not always present. [41, 43] 

4. The 4th generation focuses on preserving the crystalline structure and properties 

of ultra high molecular UHMWPE while retaining the oxidative stability during 

irradiation. The incorporation of antioxidants neutralizes the free radicals present 

in the polyethylene without the need for further thermal melting. [44] 

 Types of knee joint implants 

Knee joint implants can be divided by several criteria. One of them is the implantation 

criteria, which depends on how the implant is attached. These implants can be cemented 

or uncemented. 

2.5.1 Cemented implants 

These implants are attached to the bone using bone cement PMMA (poly 

methylmethacrylate). This method was first established in 1980. Their disadvantages 

compared to the uncemented implants (figure 10) are less bone stock preservation, possible 

cement debris and slower bone integration. A study of 400 total knee replacements was 

conducted to compare cemented and uncemented implants. The cemented group of 200 

TKR’s had 8 revision surgeries, 5 of these due to aseptic loosening (2.5 %). The uncemented 

group had 7 revisions with only one being due to aseptic loosening (3.5 %). [45, 46]  

 

Figure 10: The difference between cemented and cementless implants [47] 
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2.5.2 Uncemented implants 

In uncemented implants, the connection between the components and the bone 

is created without the use of bone cement. This method was invented in the 1980’s. Since 

1996 cementless implants with hydroxyapatite coatings are used. One of the technologies 

used is the Porous Coated Arthroplasty. The implant surface is covered with small 

macroscopic pores through which bone can grow and thereby fixate the implant. Another 

possibility is the use of bioactive ceramics, which include particles that can actively take 

part in bone growth. Usually it is a combination of mechanical and chemical bonds, where 

the bioactive ceramic is applied via coating onto the porous surface. For example, collagen 

surface coatings are being modified to include antibiotics, which are then being continuously 

released after implantation to prevent possible infects. A study, which investigated 

the adherence of a newly developed collagen, hydroxyapatite and antibiotics surface coat 

on titanium implants, showed good results after extrusion tests. [45, 49, 50] 

Another differentiation criterion is the construction type. Here we distinguish between 

hinge implants, condylar implants and unicondylar implants. 

2.5.3 Hinge implants 

The connection between the tibial and femoral components is usually maintained 

by a pivot. Original constructs allowed only flexion-extension movement (figure 11). 

The benefit of this is a higher internal stability which is necessary in cases, where the knee 

deformity is high and often accompanied by axis instability. Latest models include a rotating 

hinge which also permits rotation. Revision surgeries are also often conducted by using 

hinge implants. Its’ implantation requires more bone resection than other types which could 

lead to a higher risk of complications. [51, 52] 

 

Figure 11: Hinge Knee Implant [53] 
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2.5.4 Condylar implants 

In condylar implants (figure 12), the tibial and femoral components aren’t attached 

to each other and therefore the knee can move in all planes. The implantation requires 

minimal bone resection and for cemented implants less PMMA is needed in comparison 

to hinge implants. Condylar implants are often produced in two options. The first one 

is “standard” and requires for both cruciate ligaments to be preserved. It also has pyramid 

protrusions, which should help with fixation. The second option is called total and has 

a central eminence on the tibial component. It compensates for the removed cruciate 

ligaments to some extent. It has a “I” shaped shaft for fixation in addition to protrusions. 

[51, 52]  

 

Figure 12: Condylar Knee Prosthesis [54] 

2.5.5 Unicondylar implants 

In cases where only one condyle is damaged, unicondylar implants (figure 13) can 

be used. They require even less bone resection, shorter surgery time and ensure a faster 

and easier rehabilitation process. A study investigating the reasons for revision surgeries 

of unicondylar implants showed, that 41 % of all revisions were for early failure. This failure 

was caused by the collapse of the tibial component in 45.5 % and infection in 18.25 %. 

The primary cause for late failure was aseptic loosening with 44 %. [55] 
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Figure 13: Visualisation of a Unicondylar Knee Implant [56] 

 Knee Replacement Surgery  

Knee replacement surgery requires aseptic standards to be fulfilled, an equipped 

operating room and well-educated personnel. Reoperations caused by an infect can 

be technically challenging and costly. The patient is positioned on the back and the joint 

isentered using a longitudinal parapatellar cut. At first, the surgeon removes osteophytes, 

which are bone growths that cause ligament tightness and are one of the factors contributing 

to the need for TKR. The instruments for this surgery include special sizers which enable 

the surgeon to perform an exact bone resection using precalculated angles. After bone 

resection, trial implants are being placed and the knee joint motion is being tested 

to determine the best implant size. In this phase, the tension in static stabilisers is determined 

by releasing ligaments and surrounding tissue. The goal is to achieve symmetrical balance 

and tension. The fixation of implant components is possible with bone cement, or if the 

patient’s bone quality is sufficient, an implant with porous surface can be inserted and 

osseointegration happens naturally.  

 Ligament Balancing 

Ligament balancing is considered to be the key element to a successful knee 

replacement surgery. The process relies mostly on the surgeon’s knowledge and practise 

and has a big impact on the post-operative range of movement of the affected knee joint. 

The positive result of a total knee replacement surgery is a balanced knee, which has 

the following attributes [57]:  

• Full range of movement 
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• No varus/valgus deformities in flexion or extension 

• Well balanced flexion/extension gap without any ligament tightness or laxity 

• Symmetrical medial/lateral balance at 90° flexion and full extension 

• Correct alignment of the patella 

• Reduced patella during maximal flexion and no extra rollback of the femur 

on the tibia 

• Balanced rotation between femoral and tibial components 

Through the replacement of a knee joint, we are trying to recover the patients range 

of motion and alleviate pain caused by arthrosis. This process involves cartilage damage, 

the growth of osteophytes and joint deformations, which usually lead to a varus/valgus 

deformation. A knee with a bigger lateral gap and a deformed medial condyle is considered 

a varus knee. In this case both legs create a characteristic O shape. Valgus deformity, where 

legs are in a X shape, is present in patients with higher lateral joint damage. Both of these 

conditions cause irreversible ligament tightness shortening/elongating on the 

collapsed/convex side. Osteophytes lead to ligament tightness and therefore movement 

restrictions. Through ligament (figure 14) balancing, we are trying to restore the knee to its’ 

pre-arthritic state. This usually involves the removal of osteophytes and a dissection 

(elongation) of ligaments. [53, 54] 

 

Figure 14: Deep Layer of Knee Ligaments [59] 

Ligament balancing can have a positive influence on bone alignment, stability 

and prosthetic wear and loosening. A study showed, that implants that developed medial 

insert wear, which resulted in a varus deformity, did not have proper medial ligament 
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balancing. Not fully balancing a valgus knee can result in laxness of the medial collateral 

ligaments. These cannot tighten again with time and therefore the knee is likely to develop 

a valgus deformity again. Incorrect ligament balancing has been described as 27 % of all 

preventable revision surgeries performed due to instability. This issue is even more 

significant in cruciate retaining implants, where late failure of the PCL and a bigger flexion 

gap can lead to flexion instability. The same can be caused by a lax medial or lateral 

collateral ligament. A link between asymmetrical prosthesis wear and ligament balancing 

has also been proven. The reasons behind a higher wear can be improper ligament release 

or a too tight PCL. Balanced knees also have a higher success rate in terms of implant 

loosening, which is the most common cause for revisions (36.5 %). [56, 57, 60] 

This is also linked with pain reduction. Post TKR pain is usually caused by wear, over-

tight ligaments and instability, all of which can be improved by balancing. A study of 38 

patients showed alleviated pain in patients with proper knee balancing. [61] 

2.7.1 Ligament balancing techniques 

There are two major techniques used to balance ligaments surrounding the knee 

(as shown in figures 14 and 15) during total knee replacement. Both begin with the removal 

of osteophytes and differ in the following process, where they can be divided into 

a “measured resection” and “balanced resection” technique. [57] 

Using measured resection, the surgeon first performs the femoral/tibial cut and implant 

trial before he continues with the ligament balancing process. The amount of bone resection 

is predetermined using approximate calculations and should correspond to the implant 

thickness as well as to anatomical landmarks. Both of these cuts are performed separately 

using measuring devices. After this, the trial prosthesis is inserted and the knee is tested 

in flexion/extension with released ligaments. This should ensure a symmetrical gap 

and appropriate ligament tension. [57, 58] 

With the balanced resection technique, the tibial cut is performed first and after this, 

symmetrical tension is applied to the extended joint using a ligament tensor, knee balancer 

or spreaders. This should show any extent of varus/valgus deformity, which should 

be corrected by ligament balancing. The same process is then used in 90° flexion, where 

the joint is distracted. The femoral component is then set using ligament tension rather than 

anatomical landmarks. [57] 
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Both presented techniques try to correct allignment first. Usually 61–88 % of balanced 

knees meet the required 0–3° tolerance. Afterwards they try to achieve an equal 

flexion/extension gap with a gap difference lower than 1 mm. In 84–90 % knees a balanced 

rectangular gap is present. [54, 57] 

 

Figure 15: Superficial layer of Knee ligaments [62] 

2.7.2 Valgus knee 

A valgus knee presents with two major characteristics – it has higher bone damage 

of the lateral condyle and tighter lateral ligaments. They include the lateral collateral 

ligament, iliotibial band, popliteus tendon and posterolateral capsule. Over the time, several 

techniques have been described for balancing this deformity. [61]  

Whiteside pointed out, that the popliteus tendon, LCL and posterolateral corner of the 

fibrous capsule influence both flexion/extension. The LCL and capsule impact the extension 

more, while the popliteus tendon is more effective in extension. According to his method, 

the knee should first be balanced in flexion, with the initial release of the popliteus tendon, 

followed by the lateral collateral ligament and lastly the fibrous capsule. If there is any 

leftover tension in extension, the iliotibial band can also be released. [55, 57, 58] 

Another method was presented by Favorito. In his work, the tightest lateral structure, 

which most frequently is the LCL, should be released first. This should be followed by the 

release of the popliteal tendon, capsule and if necessary, the gastrocnemius muscle can be 

released as well. To remove any further tightness, the iliotibial band can be resected, while 
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the popliteal tendon and LCL can be sutured together to provide further flexion stability. 

[57] 

If the valgus deformity is lower than 20° (figure 16), the pie-crust technique can be 

used. It includes several horizontal incisions, with the depth being lower than 5 mm, along 

any tight lateral structures. [57, 58] 

 

Figure 16: Different stages of valgus knees [63] 

On the other hand, deformities greater than 15° in severe valgus knees can be corrected 

using a cruciform lateral approach. A laminar spreader is first introduced to rotate 

the femoral component, which should ensure a symmetrical gap in flexion. Afterwards 

the tibial cut is performed in addition to extension balancing. The cruciform approach 

is connected to two cuts – the first one vertically in the retinaculum and the second one 

at the joint line and 1–2 cm anteriorly/posteriorly. [57, 58] 

Lombardi’s method starts with the iliotibial band release. The posterolateral capsule 

is released from the distal part of the femur. If further balancing is required, the popliteal 

tendon and LCL can also be released. [57] 

Ranawat introduced an inside-out technique which can be used for severe valgus knees 

as well. The process is very similar to all the above presented techniques, but puts more 

importance to the PCL release and recommends the use of electrocautery in the release 

of the capsule. [57] 
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Figure 17: Comparison of a Normal, Varus and Valgus Knee [64] 

2.7.3 Varus knee 

Varus knee (figure 17) is considered the easier one to correct. In small deformities, 

removing osteophytes might be enough to balance the knee sufficiently. 

The semimembranosus tendon is released and the medial collateral ligament might 

be released as well, if the knee is still too tight in extension. Burke recommends releasing 

the MCL subperiosteally first, followed by the superficial release. Further medial structures 

can be released to provide more balance if necessary (pes anserine, posterior capsule, medial 

m. gastrocnemius). (17, 58] 

Whiteside’s theory for knees tight in flexion advocates releasing the anterior part 

of the MCL first, with the posterior part being released only when the knee is tight 

in extension. [57] 

2.7.4 Posterior Cruciate Ligament 

The PCL’s role in ligament balancing can also contribute to proper stabilisation. 

In 20 % of all TKR, the PCL is divided to achieve a balanced flexion gap. The correct 

function and tension of the PCL is especially important when using a cruciate-retaining 

prosthesis.  The PCL might be resected if necessary, for better flexion and to minimize the 

risk of possible PCL damage. [60] 
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 Wear tribology 

Tribology describes the intraction of surfaces during their movement. It includes 

the study in fields of friction, wear and lubrication. Friction can be desired, but also 

unwanted in many situations of everyday life. The goal in joint replacements is to minimize 

friction and wear, because these properties highly influence the lifetime of implants. 

The wear of implants is still one of the most common reasons behind implant failures. 

Particles that are released in the proces of friction and wear can also contribute 

to the occurence of infection. Therefore, the study of wear in joint implants is highly 

important. 

The two most frequent types of friction are dry and lubricated friction, which is when 

a fluid lubricant separates two solid surfaces. Lubricated friction and its‘ phases are 

described by Stribecks‘ curve. It describes the fluid-lubricated friction as a non-linear 

function of the contact load, the lubricant viscosity and the lubricant entrainment speed. This 

relationship is characterized by Hersey’s number, defined in the following relationship, 

where 𝜇 is the dynamic viscosity of the fluid, N its entrainment speed and P is the normal 

load. [65] 

𝐻𝑒𝑟𝑠𝑒𝑦	𝑛𝑢𝑚𝑏𝑒𝑟 = 	
𝜇 ∗ 𝑁
𝑃  

The Stribeck curve (figure 18) is divided into four lubrication regimes. [66]  

 

Figure 18: Stribeck curve [67] 



 38 

1. Boundary lubrication occurs when the two surfaces come into contact. The load 

is supported mainly by surface asperities. The friction during this period is very 

high. [65] 

2. Mixed lubrication means that the load is supported by the mix of surface asperities 

as well as the liquid lubricant. [65] 

3. Elastohydrodynamic lubrication happens when elastic strain occurs at the contact 

interface. The motion of the two contacting surfaces creates a flow that induces 

pressure, which then supports load. Asperities are sparse. [66] 

4. Hydrodynamic lubrication means that almost no asperities occur, and the load 

is supported mainly by hydrodynamic pressure. [65] 

The roughness of joint cartillage is usually 0.07–0.45 μm, during local loading this 

value lowers to just 0.01–0.03 μm. The friction coefficient is 0.05–0.037. In comparison 

the friction coefficient between CoCrMo x CoCrMo implant surfaces is 0.25 and between 

CoCrMo and UHMWPE 0.07. The improtance of lubrication fluid is therefore very 

important and its insufficient amount leads to higher and undesired wear. 
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3 Practical Part 

In the practical part of my diploma thesis I am going to analyse the linear wear 

of a balanced and unbalanced knee implant. I will first present a FE (finite element) model 

of the knee implant with loading and displacement based on ISO 14243-3 and then a standard 

wear test, which used the same loading and displacement parameters as the FE model. Both 

of these will be done in a balanced and unbalanced state. [68] 

 Loading and displacement  

The FE model and the wear test were loaded according to the international standard ISO 

14243-3, with small alterations. This standard prescribes the principle and load/displacement 

functions of the implant during a standardized wear test. [68] 

3.1.1 Reference position and axes definition 

The reference position describes the state, where the tibial component pushes against 

the femoral head with a positive axial force and the tibial component is in static equilibrium. 

The tibial axis corresponds to the longitudinal central axis of the proximal tibia (position 

2 in figure 19). The axial force axis is then defined as a translation of the tibial axis 

in the medial direction by 0.07	𝑤	 ± 0.01	𝑤, where w is the width of the tibial component. 

The flexion/extension axis is defined by a zero flexion angle, when the tibial component 

is in static equilibrium. [68] 

 

Figure 19: Visualisation of the tibial insert inside the simulator [68] 
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3.1.2 Axial force 

An axial force (figure 20) is applied by the tibial component on the femoral component 

and the direction is parallel to the tibial axis. The positive sense of loading is prescribed 

in the inferior-superior direction. [68] The axial force was adapted slightly, and it stays 

at 630 N after 60 % of the cycle to eliminate impacts between the tibial and femoral 

component. 

 

 

Figure 20: The comparison between the ISO axial force (orange) and the adapted axial force (blue) [68] 

3.1.3 Flexion/Extension 

The knee flexion and extension is defined around a rotational axis, which is not exactly 

the same as in the human body, but should be withing reason according to the possibilities 

of the laboratoral environment. The positive sense corresponds to the posterior motion of the 

femoral component. [68] 

3.1.4 Anterior/Posterior displacement 

The anterior/posterior displacement equals the offset between the femoral and tibial 

component in a direction that is perpendicular to the force and flexion/extension axes. The 

positive sense is defined as the anterior movement of the tibia to its’ reference position. [68] 
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3.1.5 Internal/external rotation 

The intenal/external rotation equals the rotation of the tibial component around its‘ axial 

axis. The positive sense is described as a clockwise movement when looking at the tibial 

component from a superior position for a left knee. [68] 

3.1.6 Cycle duration and parameters 

The simulator operated at a frequency of 0.5	𝐻𝑧, meaning that one cycle lasted two 

seconds. The end of the wear test was set to 500 000 cycles. The temperature was held at 

37	 ± 2	°𝐶	and the wear simulation was lubricated (further described in chapter 3.3.4). 

 FE Model 

I developed a FE model of the knee implant (figure 21) using the commercial Pam 

Computational Environment during an internship at Mecas Esi s.r.o. to evaluate the stress 

distribution and average contact pressures on the tibial insert of a balanced and unbalanced 

knee implant. 

 

Figure 21: FE model of the knee implant and its holders 
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3.2.1 Model Setup 

During the wear test, the tibial insert and femoral component are attached to a special 

set of holders, which were created and designed specifically for the attachment during knee 

wear simulation. The rotation axis of the femoral component was created geometrically. 

3.2.1.1 Mesh 

The tibial insert and femoral component were imported directly from a CAD model, 

while the holders were simplified and modelled according to their drawings. All components 

were messhed using the Hypermesh software with approximately 1 mm hexahedral and 

tetrahedral elements for the UHMWPE insert and femoral component, whereas 3 mm 

hexa/tetrahedral elements where used for the holders, since they will not be directly 

evaluated. The mesh was also locally refined, where needed, to eliminate any hard lines. 

These mesh values were based upon literature research and personal experience and were 

also compared to two coarser mesh sizes, which used 2.5 mm (mesh 1, figure 22) nad 1.5 mm 

(mesh 2) hexa/tetrahedral elements for the tibial insert, to ensure the selection of the mesh 

size does not affect the results. [69, 70] 

 
 

 

Figure 22: Comparison of three different element sizes. The picture on the top left shows the coarser mesh with 2.5 mm 

elements, the top right shows the 1.5 mm mesh and the final 1 mm mesh can be seen on the bottom. 
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A simplified model was used for the mesh comparison. The model was only loaded 

with a 2.6 kN axial force, which corresponds to the maximal value of the axial loading curve 

in the ISO standard. The boundary conditions were set to 111111(translation in x, y, z and 

rotation around x, y, z respectively) for the femoral component/holder and 100100 for the 

tibial component/holder. 

Table 1: The comparison of three selected mesh sizes 

Mesh 
Number of 

elements 

Tibial insert 

stress maximum 

(MPa) 

Mesh 1 (2.5 mm) 13879 24.29 

Mesh 2 (1.5 mm) 26375 25.97 

Mesh 3 (1 mm) 59105 26.49 

The maximal von Mises stress values in the tibial insert for the three compared mesh 

sizes are presented in Table 1 and visualized in Graph 1. The maximal stress values converge 

to the value of the 1 mm mesh, which was selected for the experiment.  

 

Graph 1: The comparison of the three selected mesh sizes and their maximal stress values 
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3.2.1.2 Materials 

The materials used for each part are described in table 2. The material used for the 

holders was steel 1.4301. The femoral component material was CoCrMo and the tibial insert 

material was UHMWPE. All three materials were considered to be elastic solids. [71, 72, 

73] 

Table 2: Materials used in the FE model 

Part Material Type E (GPa) 
Poisson‘s 

ratio (-) 

Holders [71] Steel 1.4301 Elastic Solid 200 0.28 

Femoral 

component [72] 
CoCrMo Elastic Solid 210 0.29 

PE insert [73] UHMWPE Elastic Solid 1.1 0.42 

3.2.1.3 Contacts and Boundary Conditions 

The contact between the UHMWPE insert and its‘ holder, as well as the contact between 

the UHMWPE insert and femoral implant was modelled using a Node-to-Segment contact 

with edge treatment. A tied link was also created between the femoral implant and its‘ holder. 

Boundary conditions were set up for the UHMWPE insert holder as 100100 and for the 

femoral component a 111011 boundary condition was applied. A multiple constraint was 

used to tie together the rotation of the femoral component around the rotational axis. The 

tibial insert holder was set up as a rigid body. 

3.2.1.4 Forces and Loading 

The flexion/extension and internal/external rotation were simulated using angular 

rotation, the anterior/posterior movement of the tibial part using a displacement function and 

the axial force using a concentrated load function. All of these functions were set up 

according to chapter 3.1. 

Two versions were created. One corresponding to the conditions described above and 

the second version included two additional forces of 132 N on the bottom of the UHMWPE 

insert holder (figure 23) acting in the opposite direction. One acted in the center of the tibial 

insert holder and the second acted at a moment arm of 41 mm to create an additional torque 
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on the medial condyle. These values were based on the spring selection in the wear 

experiment (will be explained in chapter 3.3.6). 

 

 

 

 

 

Figure 23: The position of the two added forces is shown on the left picture and marked by the red dots. The sense of the 

two forces can be seen on the right picture. 

3.2.2 Evaluation 

The models were evaluated in the Visual Viewer software, where maps of von Mises 

stress distribution were obtained. Based on the distribution of von Mises stress, three nodes 

were selected on each condyle (N1-N6, figure 24 as well as one reference node (R). 

The average contact pressures in these seven selected nodes were aquired for the balanced 

and unbalanced model and compared. Using the six condylar nodes, the percentual change 

in contact pressure between the balanced and unbalanced model for both medial and lateral 

condyle was evaluated. 

To compare the results of the FE model and the actual wear test, I used the Archard 

model equation. It describes the linear wear depth Wn, where kA is Archards constant 

of adhesive wear (7.64*10-10 m2/N in this case), P is the average nodal contact pressure and 

S is the nodal sliding distance magnitude. [74] 

𝑊= = 𝑘? ∗ 𝑃 ∗ 𝑆 

I calculated the wear depth for the seven selected nodes in the balanced and unbalanced 

state and compared them. 
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Figure 24: The location of evaluated nodes 

 Wear Test 

To evaluate the wear of a balanced and unbalanced knee implant, two UHMWPE tibial 

insert samples were tested according to chapter 3.1. Each sample underwent the same 

experimental steps: 

1. Surface scanning before the wear test 

2. Wear test 

3. Surface scanning after the wear test 

4. Evaluation of the two scans using CloudCompare software 

3.3.1 Tibial implant samples 

Two tibial insert samples were provided by the company Beznoska s. r. o., which 

manufactures implants, tools and surgical utensils for orthopedic and traumatological 

purposes. Both samples were 4th generation virgin cross-linked UHMWPE left knee tibial 

inserts (type SVL, figure 25). 

N2 

N3 

N4 N5 N6 

R 

N1 

R 
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Figure 25: Tibial insert type SVL [75] 

3.3.2 Surface scanning 

The surface scanning of both samples was done using the optical 3D coordinate 

measuring system RedLux Ltd. This device (figure 26) scans the sample using a contactless 

probe and reconstructs the geometry with high definition and therefore allows us to analyse 

the wear of a sample.  

 

Figure 26 : RedLux scanning system [76] 
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This measuring system consists of two linear and two rotational axes. The scanned 

subject is moved using the rotational motors, while the probe moves within the linear axes. 

Parameters of the RedLux scanner can be observed in table 3 

Table 3: RedLux measuring system parameters [75] 

Measuring range 300 μm 

Working distance 4.5 mm 

Definition in the Z coordinate 10 nm 

Probe diameter 15 mm 

Overall device precision for general 

surfaces 
2 μm + 0.1 μm * L/mm 

3.3.3 Simulator KKK ELO  

Two wear tests were conducted using the KKK ELO simulator (figure 27), which was 

specifically designed for realistical simulations of wear tribology of human joints. It can 

simulate flexion/extension, anterior/posterior movement and internal/external rotation and 

therefore can be used for wear tests according to the ISO 14243 standard. [68] 

 

Figure 27: KKK ELO 2011 Simulator 
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The linear motor is responsible for the anterior/posterior movement, while two 

rotational motors create the flexion/extension as well as internal/external rotation. The 

rotational motor includes an air cylinder, which creates an axial force that acts on the tibial 

component in a distal-proximal direction. This force presses the tibial component against the 

femoral head according to the used standard (figure 28). 

 

Figure 28: Setup of the KKK ELO simulator for knee wear simulations [77] 

Some of the parameters and ranges of the KKK ELO simulator can be observed 

in Table 4. 

Table 4: Range of motions of the KKK ELO 2011 simulator [77] 

Motion Motor Range 

Flexion/extension, internal/external rotation Torque motors 0–360 degrees 

Anterior/posterior movement Linear motor ± 40 mm 

Distal/proximal movement Hydraulic system ± 40 mm 

3.3.4 Testing Lubricant 

The testing lubricant serum was prepared according to ISO 14243 [68]. It countains 

bovine serum mixed with distilled water. In order to slow down the degradation of this 

mixture penicilin and disodium were added. The pH and volume of this lubricant can 
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be controlled by the simulator. The following (table 5) quantities were used to achieve the 

desired ratio of the components. There is no specific volume defined by the standard, but the 

contact surfaces must be immersed in the fluid at all times, which in my case meant adding 

around 50ml of lubricant. 

Table 5: Testing serum composition 

Bovine serum 0.5 l 

Distilled water 1.1 l 

Penicilin 15 ml 

Disodium 9.7 g 

3.3.5 Experiment setup 

Two wear simulations were conducted (figure 29) based on ISO 14232 [68] with small 

alterations as described in chapter 3.1. The operating frequency was  0.5	𝐻𝑧  (instead of 1 

Hz) and the axial force function stayed at 630 N after 60 % of the cycle time. The samples 

were heated to 37	 ± 2°C	according to the standard to reflect the human environment. The 

simulation ran 500 000 cycles due to time purposes and higher loading. 

 

Figure 29: Experiment setup 
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The samples were attached to special holders (stainless steel 1.4301), which were 

designed for knee wear simulations. The femoral component was made from CoCrMo. After 

both femoral and tibial components were attached to the holders, a latex poutch was pulled 

over them. The inside of this poutch was covered with sanitary silicone to prevent latex 

particles from infiltrating the lubricant during the testing.  The lubricant was introduced after 

this. 

Both tibial insert samples were tested using this basic setup, but one of the simulations 

included an added rotational torque, which was created by adding an extra spring to the 

experiment setup. This simulated the unbalanced state of the knee implant. 

3.3.6 Spring Selection 

An additional spring was added to the experiment (figure 30) to simulate the unbalanced 

state of the knee implant by enhancing the knee torque on the medial side to reflect a varus 

deformity, which is more frequent than valgus.  

 

Figure 30:The position of the spring in the simulator 
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The imbalance of the knee joint is usually only described by the gap difference between 

the femur and tibia since there is no direct force or torque measure, which could quantify the 

imbalance of the ligaments. Therefore, it was difficult to put a specific number on the actual 

force to be used for the spring selection. I conducted a literature search and compared the 

contact forces between balanced and unbalanced knees as they were presented in these 

selected papers. These forces were usually taken from graphs showing the force distribution 

on the tibial insert, which do not correspond to the actual position of the spring. The 

difference between the balanced and unbalanced knee forces had to be recalculated to 

represent the actual position of the spring in the wear simulation and to achieve a similar 

additional torque. These forces also represented different body weights, severities of the 

varus deformity and loading conditions. Therefore, they were used more as a guideline as to 

how big these forces and resulting torques could be. For example, sources 78, 79 and 80 

only considered the body weight force, while source 81 considered a 4000 N load at the hip 

joint, so I recalculated the values proportionally to reflect loading of the knee joint by the 

body weight of a 75 kg person. These forces also acted at a certain distance from the center 

of the tibial insert, while the selected spring for the experiment would have a definite 

moment arm of 41 mm, so I recalculated the torque these forces would cause for this moment 

arm (table 6).  

Table 6: Forces used for the calculation of the spring force [78, 79, 80, 81] 

Medial Compartment Force 

(N) 
Recalculated 

Force 

difference (N) 

Recalculated 

Torque (N/m) 

Source 

Citation 
Normal Varus 

160,5 201 80 3.2 78 

155.25 172.5 72 2.88 79 

95 185 100 4 80 

944 1047 206 8.24 81 

Based on this information, I was looking for a commercially available spring that would 

provide a torque of roughly 5–6 N/m at a 41 mm moment arm and would fit into the 

simulator peg, which had a length of 43 mm and an outter diameter of 10.1 mm. According 

to this, I selected a spring from the company Hennlich with a force of 132.1 N when fully 
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compressed, which will result in a additional torque of 5.2 N/m. The parameters of the spring 

are described in the following figure 31 and table 7. 

 

Figure 31: Description of spring parameters [82] 

 Table 7: Parameters of the selected and used spring [82] 

d 1.6 mm 

De 14.1 mm 

L0 115 mm 

Ln 42.2 mm 

Material 1.1200 

Force 132.1 N 

3.3.7 Evaluation 

Each tibial insert was scanned using the RedLux measuring system before the 

experiment and after 500 000 cycles, therefore 2 scans were obtained of each sample. These 

scans were evaluated using the CloudCompare software. Cloudcompare is a free 3D point 

cloud processing software which provides tools for rendering and meshing. It offers 

advanced processing algorithms for example for projections, distance computations 

or geometric features estimations. Every scan consists of a large number of points described 

by their xyz coordinates. The initial scan of the balanced insert had 93 437 points and 

143 784 points after the experiment. The initial unbalanced insert scan had 105 835 points 

and 60 983 points after 500 000 cycles. 
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For each simulation (balanced/unbalanced), both the before and after 500 000 cycles 

scans were imported. The before scan was meshed using the best fitting plane function 

(figure 36). Before the two scans could be alligned, the points with the highest wear were 

hidden, so that they don’t affect the allignment process. Then both scans were manually 

alligned, after which a rough fit was computed by selecting 4 equivalent point pairs. After 

that, a fine fit can be computed. The initial root mean square (RMS) difference was set 

to 1e-50 and the random sampling limit to 150000 to involve all possible points.  

  

 
Figure 32: Meshed point cloud (left), the two unalligned imported point clouds (right), point clouds after initial rough 

allignment (bottom) 

Once the two scans were alligned, a cloud to mesh distance function could be used 

to analyze the surface changes between the two tibial inserts. CloudCompare first calculates 

approximate distances, which are used to select the best octree (tree data structure, each 

internal node has 8 children nodes) level for the actual distance computation. This 

computation can then be helpfull when selecting the actual maximum distance for 

computation, since large distances lead to very long computation times.  
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4 Results 

 FE Model 

The results of the FE model simulation show comparable von Mises stress values and 

distribution in both balanced and unbalanced state of the polyethylene insert. The maximal 

von Mises stress in the unbalanced state was 41.99 MPa (figure 34), whereas for the balanced 

simulation it was only 39.50 MPa (figure 33). Both maximal states occured at the same time 

(14 % of the cycle). The unbalanced state did not lead to a dramatic increase in the maximal 

value, since the change is only 2.49 MPa (6.3 %). 

 

Figure 33: Maximal von Mises stress value (39.50 MPa) and distribution in the normal simulation. The distribution is 

described by the scale on the left side, with tha maximal values being red and minimal values being blue. 
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Figure 34: Maximal von Mises stress value (41.99 MPa) and distribution in the unbalanced simulation. The change as 

compared to the balanced state in Fig. 33 is minimal. The color scale is described on the left. 

The average contact pressure values for the seven selected nodes (table 8) in the 

balanced and unbalanced model show an increase in average contact pressure for two nodes 

on the medial condyle, where the extra force was added.  

Table 8: Total contact pressure values during one simulation cycle for the selected nodes in the balanced and unbalanced 

simulation. 

Condyle Node 
Normal 
[MPa] 

Unbalanced 
[MPa] 

Difference [%] 
Condyle pressure 

difference [%] 

Lateral 

N1 15.85 15.36 -3.09 

-5.78 N2 1.11 0.52 -53.15 

N3 5.68 5.45 -3.54 

Medial 

N4 10.26 9.62 -6.23 

+16.49 N5 1.82 3.67 +101.64 

N6 8.71 10.93 +25.48 

Reference R 0 0 0 - 
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The highest average contact pressure on the lateral condyle was in node 1 for both 

simulations - 15.85 MPa for the balanced state and 15.36 MPa for the unbalanced state 

(decrease by 3.09 %). On the medial condyle, the highest average contact pressure for the 

unbalanced simulation was 10.93 MPa in node 6, which meant an increase by 25.48 % from 

the balanced model (8.71 MPa). The average contact pressure on the lateral condyle 

decreased by 5.78 % in the unbalanced model (as compared to the balanced model), while 

an increase of 16.49 % was present on the medial condyle. The percentual change of average 

contact pressure for the selected nodes (figure 35) describes the increase in average contact 

pressure in the unbalanced medial condyle.  

 

Figure 35: The percentual change in average contact pressure between the balanced and unbalanced state for the selected 

nodes N1-N6.  

The linear wear depth was evaluated according to Archards equation for 500 000 

simulation cycles (table 9). The unbalanced model showed an increase in wear depth on the 

medial condyle for nodes 5 and 6. For node 5 the increase was 109.10 % and the unbalanced 

wear depth 0.046 mm, for node 6 the increase was 40.54 % and the unbalanced wear depth 

0.156 mm, which was the maximal calculated wear depth on the medial condyle. The lateral 

condyle presented with lower wear values in all three nodes, with the maximal change of      

-46.15 % in node 2, which was positioned in the center of the lateral condyle. The highest 

wear depth noted on the lateral condyle was 0.197 mm in node 1. 

 

N1 -3.09 % 

N2 -53.15 % 

N3 -3.54 % 

N4 - 6.23 % 

N5 + 101.64 % 

N6 +25.48% 

MEDIAL 

LATERAL 

R 0 % 
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Table 9: Estimated linear wear depth according to Archards law based on the values received from the FE model and 

calculated for 500000 simulation cycles 

Node 
Balanced Model  

Wear Depth [mm] 
Unbalanced Model  
Wear Depth [mm] 

Difference [%) 

N1 0.204 0.197 -3.43 
N2 0.013 0.007 -46.15 
N3 0.081 0.077 -4.94 
N4 0.124 0.116 -6.45 
N5 0.022 0.046 +109.10 
N6 0.111 0.156 +40.54 
R 0.000 0.000 0.00 

 Wear Experiment 

The linear wear evaluation of the tibial articulating surface after 500 000 cycles during 

the standard knee wear experiment (figure 36) shows an even wear distribution on both 

condyles. The values are described by the color scale on the right side, with red symbolizing 

areas with maximal wear and blue/green areas with zero linear wear. The maximal wear 

values are located in the central areas of the articulating condyles and reach 0.12 mm. The 

wear areas around the central hole were caused by the simulator rather than the experiment, 

therefore they should not be considered. 

 

Figure 36: Evaluation of linear wear of the balanced tibial insert after 500 000 cycles 
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The evaluation of the tibial insert scan after 500 000 cycles in the unbalanced state, 

evoked by the added spring torque, (figure 37) shows a slightly different wear pattern than 

the balanced insert. The higher linear wear values are slightly shifted to the medial condyle 

and its maximal values are also around 0.12 mm. The wear on the unbalanced medial condyle 

is more centered in one location, whereas on the left condyle the wear path is elongated 

along the whole contact area. Overall, there aren’t any conclusive differences between the 

balanced and unbalanced scan evaluations, since the changes in both linear wear values and 

distribution are minimal. 

 

Figure 37: Evaluation of linear wear of the unbalanced tibial insert after 500 000 cycles 
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5 Discussion 

The results of the FE model evaluation in the balanced state are consistent to previously 

done experiments, where maximal von Mises stress values ranged from 35-37.5 MPa 

and contact pressure values were also comparable [74, 82, 83]. I could not find a similar FE 

analysis of the unbalanced knee implant using an added spring to simulate the additional 

torque. Other authors tilted the tibial component by various angles (usually 5°) to simulate 

varus/valgus malalignment and they achieved an increase in von Mises pressure by 2.4-10 

MPa [84,85], although this is also comparable to my results in the unbalanced state. None 

of the authors used the FE model to predict linear wear according to Archard equation 

in relation to incorrect ligament balancing. Also, there has not been done a similar wear 

experiment to investigate the effect of ligament balancing on implant wear and lifetime, 

so these results cannot be compared to other authors. However, authors that did study the 

effect of malalignment of the knee implant did conclude, based on their mentioned results, 

that proper alignment is crucial for a functional knee replacement and poor alignment can 

lead to ligament laxity and shorter implant lifetime [83,84]. 

My study did show comprabale results between the FE model and wear experiment. 

The FE model showed higher differences between the balanced and unbalanced state in all 

discussed parameters– von Mises stress, average contact pressure and linear wear, while the 

change in linear wear in the tibial insert scans was minimal. This could be due to the 

experiment setup, where a spring was used to simulate the unbalanced state. Since 

no previous study has tried to simulate the unbalanced state of the knee implant, this 

approach was based on personal understanding of the issue and research. The tibial holder 

in which the spring was placed, was stiffer due to issues with the simulator, meaning that 

the created torque by the spring was probably smaller. The evaluation from the FE model 

was also based on just seven selected nodes. Since the numerical increase of the discussed 

parameters in the FE model wasn’t that significant and the wear experiment did not show 

any major changes in linear wear of the tibial insert, I would not conclude, based on my 

results, that improper ligament balancing causes sooner implant failure.  

Based on my current knowledge after the experiment, I would test several possible 

forces in the FE model, to see how these imbalances affect the von Mises stress and contact 

pressure, and from that I would select the spring for the wear experiment. In order to finish 

the experiment in time, I had to select the spring prior to finishing the FE model. It would 

be ideal to test several springs as well to get a better comparison and let the wear experiment 
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run the full 5x106 cycles, which would better differentiate the wear distribution and values. 

The linear wear differences in my case are very small, which could also be caused by the 

smaller amount of cycles. Further inaccuracies could occur in surface scanning and scan 

alignment, which is why it is difficult to make conclusions from the obtained results The 

proposed research would be time-wise long, but since other authors [83,84] have 

highlightened the importance of proper alignment and my own results also hint on the 

relationship between proper balancing and implant wear, it would be helpful for further 

implant and surgical technique improvement, especially since there is no comparable 

research available. 
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6 Conclusion 

The aim of my diploma thesis was to evaluate the impact of ligament balancing 

on implant life time. Ligament balancing is considered to be one of the key parts 

of a succesfull total knee replacement, but there are several possible techniques to choose 

from and the correct balancing highly depends on the experience of the surgeon. The wear 

of unbalanced implants, which directly relates to the final life time, has been described 

as an issue, but has not been studied yet.  

The theoretical part provides an insight into the topics of knee anatomy and 

biomechanics, which are crucial for understanding the topic of ligament balancing. A brief 

review of knee implants and materials used for these replacements is presented as well. The 

ligament balancing term is described and several techniques, which are generally used 

by surgeons, are mentioned. Tribology and wear mechanisms are also presented, since linear 

wear is one of the evaluated parameters. 

The practical part includes two experiments, each of these was conducted in a balanced 

and unbalanced state. The first is a finite element model of the knee implant, where one 

simulation included two opposing forces to represent the extra torque in the unbalanced state. 

This torque was estimated based on literature research. The creation and setup of the model 

are described, as well as the loading and displacement. Afterwards an actual knee 

replacement wear test, which was loaded the same way as the FE model, is presented. Two 

tibial inserts were tested, with one simulation running with an added spring to simulate the 

unbalanced state of the implant. The spring had the same maximal force as the extra added 

forces in the FE model. 

The linear wear values calculated from the FE model using Archards equation are 

comparable to the values obtained in the wear experiment. The highest calculated linear wear 

from the FE model in the unbalanced state was 0.197 mm (-3.43 % from the balanced state) 

for the lateral condyle and 0.156 mm (+40.54 % from the balanced state) for the medial 

condyle. This is comparable to the maximal 0.12 mm linear wear in the wear experiment, 

where no significant increase in linear wear was noted in the unbalanced state. The 

differences between the balanced and unbalanced linear wear values are small in both FE 

model and wear experiment, therefore it cannot be said that improper ligament balancing 

leads to shorter implant lifetimes. 
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