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Abstract 

Total knee arthroplasty (TKA) is a successful procedure in the field of orthopedic 

surgery. Behind its application, there is its strict correlation to the most common form 

of arthritis: osteoarthritis (OA), an inflammatory condition that occurs when one or 

many joints undergo degenerative changes. Although TKA remains a reliable surgery 

in patients suffering from debilitating advanced degenerative arthritis knee, it has 

been reported that approximately 20% of patients are dissatisfied after the surgery. A 

possible reason for this discontent could be the presence of some deformities i.e., 

valgus deformity. The most common complaint after TKA is abnormal patellar 

tracking. Obtaining proper kinematics of the patellofemoral joint is difficult to study 

starting from in vitro analysis. Thus, since the complexity of knee kinematics has 

always challenged and fascinated the scientific community, the researchers have 

explored other tools to better understand the behavior of the knee. In this context, finite 

element analysis (FEA) has made its way. Even though the FEA has been largely 

applied in the field of orthopaedic surgery, some aspects remain untreated. Thus, the 

present work aims to apply the FEA in the case of valgus knee misalignment to assess 

which could be the pitfalls of the cruciate-retaining (CR)-TKA prosthesis and to obtain 

the kinematics pattern of the patellofemoral joint. The results obtained from the FEA 

are encouraging. Firstly, it has been pointed out an increase of the contact between the 

femoral component and patella with the rise of flexion angle. The analysis of von Mises 

stresses on the insert has revealed an abnormal distribution between the lateral and 

medial plateau at all flexion angles. The patellofemoral trends have been computed to 

assess the kinematics. From the reported findings it can be inferred that the finite 

element model employed in this work can study the dynamics of the postoperative 

valgus knee. This may be a step toward new research aimed at the development of 

TKA designs able to reduce the patient’s dissatisfaction. 
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Riassunto 

L'artroplastica totale del ginocchio (TKA) è una procedura di successo nel campo 

della chirurgia ortopedica. Dietro la sua applicazione c'è la sua stretta correlazione con 

la forma più comune di artrite: l'osteoartrosi (OA), una condizione infiammatoria che 

si manifesta quando una o più articolazioni subiscono alterazioni degenerative. 

Sebbene la TKA rimanga un intervento chirurgico affidabile nei pazienti affetti da 

artrite degenerativa avanzata del ginocchio debilitante, è stato riportato che circa il 

20% dei pazienti è insoddisfatto dopo l'intervento chirurgico. Una possibile ragione di 

questo malcontento potrebbe essere la presenza di alcune deformità, ad esempio 

deformità in valgo. Il disturbo più comune dopo la TKA è il tracciamento rotuleo 

anormale. L'ottenimento di una corretta cinematica dell'articolazione femore-rotulea è 

difficile da studiare a partire dall'analisi in vitro. Pertanto, poiché la complessità della 

cinematica del ginocchio ha sempre sfidato e affascinato la comunità scientifica, i 

ricercatori hanno esplorato altri strumenti per comprendere meglio il comportamento 

del ginocchio. In questo contesto si è fatta strada l'analisi agli elementi finiti (FEA). 

Anche se la FEA è stata ampiamente applicata nel campo della chirurgia ortopedica, 

alcuni aspetti rimangono non trattati. Perciò il presente lavoro mira ad applicare la 

FEA nel caso di disallineamento del ginocchio in valgo per valutare quali potrebbero 

essere le insidie della protesi di ritenzione del crociato e per ottenere il pattern 

cinematico dell'articolazione femore-rotulea. I risultati ottenuti dalla FEA sono 

incoraggianti. In primo luogo, è stato evidenziato un aumento del contatto tra 

componente femorale e rotula con l'aumento dell'angolo di flessione. L'analisi delle 

sollecitazioni di von Mises sull'inserto ha rivelato una distribuzione anormale tra il 

piatto laterale e quello mediale a tutti gli angoli di flessione considerati. Le tendenze 

femore-rotulee sono state calcolate per valutare la cinematica. Dai risultati riportati si 

può dedurre che il modello agli elementi finiti impiegato in questo lavoro può studiare 

la dinamica del ginocchio valgo postoperatorio. Questo può essere un passo verso una 

nuova ricerca finalizzata a nuove protesi per ridurre l’insoddisfazione del paziente. 
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1 Introduction 

The appearance of total knee arthroplasty (TKA) was a significant milestone in the 

history of orthopedic surgery [1]. The development of TKA began in the early 1970s 

when the first-ever procedure was completed. Since then, there have been efforts to 

guarantee an improvement of implant life, functionality for the patients and, 

instrumentation [2]. The success of the TKA procedure is related to its ability in 

relieving the pain of patients and restoring the function of the knee joint [3]. 

Approximately 700,000 TKAs are performed annually in the United States. The most 

common age group for total knee replacements remains from 65 to 84 years [4]. 

Projections suggest that the demand for TKA will rise by 673% by the year 2030 based 

on several factors: growth, aging, increasing the longevity of the population, obesity, 

younger age at implantation [2]. In the time between the first surgery and now, the 

close cooperation among surgeons and engineering has led to revising the old-

fashioned techniques and introducing new ones that have shaped the surgical 

environment by adapting them to the various pathological disorders. Improvements 

in the past techniques and the discovery of new materials have greatly increased their 

effectiveness, making TKA one of the most successful procedures in the field of 

orthopaedic surgery (Fig.1). 

 

Figure 1. Illustration of TKA procedure. 
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TKA procedure involves the reconstruction of damaged joints accomplished through 

the resection of abnormal articular surfaces of the knee and their substitution using 

metal and polyethylene components [4]. Over time, design evolution in TKA had to 

satisfy these new needs: adequate range of motion (ROM) and control of the joint, 

long-term performance and fixation, transfer the load across the joint to bony 

structures, less material wear, better resistance to the stress, the weight, cost reduction, 

and anatomic congruence [5]. The main goal to perceive during the design and 

realization of a prosthesis is to guarantee the highest survival rate to avoid as much as 

possible revision surgeries [6]. Nowadays the survival rate of a knee prosthesis is 

about 90-95% after 10-15 years from the implantation; this is a very successful result 

but could become an issue in the case of the younger population which requires a 

survival rate of more than 15 years [7]. Behind the application of TKA, there is its strict 

correlation to the most common form of arthritis: osteoarthritis (OA), an inflammatory 

condition that occurs when one or many joints undergo degenerative changes, 

including subchondral bony sclerosis, loss of articular cartilage, and proliferation of 

bone spurs (osteophytes) [6]. OA occurs when the cartilage between joints breaks 

down or degenerates causing pain, loss of joint function, stiffness affecting a good 

quality of life. Although TKA remains a reliable surgery in patients suffering from 

debilitating advanced degenerative arthritis knee, it has been reported that 

approximately 20% of patients are dissatisfied after the surgery [8]. A possible reason 

for this discontent could be the presence of some deformities. Indeed, it has been 

estimated that 10% to 15% of the patients requiring a TKA are affected by valgus 

deformity (VD) i.e., tibiofemoral angle of greater than 10°. Typically, VD is the result 

of changes to both the soft tissues and bones around the knee. According to the 

literature, OA is the most common cause of VD [9]. In fact, it has been reported that 

OA can alter knee kinematics and stresses leading to abnormal kinematics motion. 

These kinematic changes alter the distribution of stress on the articulating surface. 

Until now, the relationship between cartilage loss in OA and kinematics is unclear [10]. 

The performance of TKA under this condition is still a great challenge to orthopaedic 

surgeons since after correcting the deformity, the achievement of knee stability is 
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strictly correlated to the work on the soft tissues which are altered around the knee 

joint [11]. Although several works have suggested TKA as a potential treatment for the 

knee with severe deformity, none has comprehensively reviewed the kinematic and 

anatomic variables which must be considered to achieve a good performance. 

Consequently, challenges posed by correcting VD and by considering OA have led the 

authors to examine the more frequent postoperative complications which may impair 

the outcome of TKA. Among the possible complaints after the TKA procedure, 

patellofemoral complications are the most common cause of complaints after TKA. 

The patella, indeed, acts as leverage to the muscular force generated by the quadriceps 

and its wrong placement could compromise the long-term success of the intervention. 

Obtaining proper kinematics of the patellofemoral joint is crucial to achieve a good 

postoperative clinical outcome [12]. Specifically, the study of the trochlear morphology 

has fundamental importance since major problems that occur after knee prosthesis 

implantation are attributed in part to an unnatural sulcus geometry i.e., high/low 

patella or excessive medial-lateral (ML) translation [12]. Thus, the knowledge of the 

patellofemoral joint is indispensable to determine the difference between a healthy or 

pathological knee and to understand the causes of patient dissatisfaction after the 

procedure. In this scenario, the finite element analysis (FEA), has made its way 

allowing a detailed analysis of the joint behaviour. FEA is considered a useful tool to 

predict strain and stress in complicated systems in bioengineering and biomechanics 

[13]. However, several assumptions such as lack of articular cartilage and other 

connective tissue have usually been made to simplify the knee behaviour making the 

knee model less realistic [14]. Since the accuracy in FE model predictions depends 

directly on assumptions made in the model, an anatomically accurate design could 

increase the possibility to obtain a more realistic simulation of the complex knee joint 

biomechanics. Indeed, FEA has long been recognized as a reliable tool to investigate 

the biomechanical behaviour of healthy knees. Additionally, it can be used to assess 

the eventual onset of some pathologies, like OA, and consequently understand if the 

performance of the TKA is required. Despite TKA has revolutionized the care of 

patients with end-stage knee arthritis, its goal of relieving pain and re-establish knee 
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function in a substantial proportion of patients is not achieved until now. Furthermore, 

even if the FEA has been largely applied in the study of the human knee kinematics, 

its implementation for the exploration of postoperative patellofemoral joint continues 

to be still little applied. Considering this, the present work aims to develop a 3D finite 

element knee model to study the dynamics of the valgus knee after the TKA 

performance. 

1.1 The human knee joint 

The knee joint is a complex structure in the body that undergoes critical loading 

while performing several daily life activities such as walking, jumping, running, sitting 

[15]. It serves as the junction for the movements of human lower extremities since it 

allows the rotation, twist, and slide of the femur relative to the tibia. Given the 

complicated anatomical structure and the variety of movement patterns of the knee 

joint, it is necessary to describe in detail its anatomy and its biomechanics. Indeed, the 

study of human joint behaviour is one of the challenging research fields that have 

witnessed significant developments over the last years [16].  

1.1.1 Anatomy  

The human knee is a synovial hinge joint and the largest joint in the body. The knee 

allows locomotion with the minimum energy requirements from the muscles and 

provides stability during several daily life activities [17]. The normal function of the 

knee requires an accurate balance between stability and mobility that depends on the 

interplay of several anatomical structures: bony structures, ligaments, joint capsules, 

muscles, and tendons [18]. The knee consists of bony articulations: the articulation 

between the femur and tibia supports most of the body weight, while the articulation 

between the patella and femur creates a frictionless transfer of the forces generated 

after the contraction of the quadriceps femoris muscle [19]. 
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1.1.1.1 Bone architecture 

The knee joint is composed of four bones: the femur (thigh bone), tibia (shin bone), 

fibula (calf bone), and patella (kneecap) (Fig. 2). 

 

Figure 2. Lateral view of the knee joint.  

The femur is the longest and strongest bone in the human body. The proximal 

epiphysis is a hemispherical head that articulates with the acetabulum in the pelvic 

bone forming the hip joint. While the distal femoral epiphysis forms a double condyle, 

lateral and medial, which makes up the knee joint together with the proximal 

extremity of the tibia. The femoral condyles are two oblong and convex prominences 

that are separated by a groove, where the patella is located; inferiorly they are 

separated by a deep notch called the intercondyloid fossa while anteriorly, they are 

flattened and expanded [20]. The shape of these condyles plays a fundamental role in 

the movement of the tibia on the femur. Specifically, the condyles act approximately 

as two rolling spheres, allowing the interaction with the tibia along the flexion-

extension axis. Condyles present an asymmetrical geometry: in fact, the medial 

condyle is elliptically flatted, more massive, and less prominent than the medial one. 

In contrast, the lateral condyle is ball-shaped, wider, shorter, and is positioned more 

sagittal than the medial one. In addition, the lateral condyle transmits more weight to 

the tibia since it is more directly in line with the femoral shaft.  
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In contrast, the medial condyle is narrow crosswise and due to its longer rolling 

surface, it provides a major articular area [21]. The condyles have the radius of 

curvature that decreases going from the anterior to the posterior area influencing the 

behaviour of the femur during the motion of the knee. The line which connects the 

ends of all the radiuses creates a J-curve (Fig. 3). 

  

Figure 3. J-curve of the femoral condyles. 

Special curving of the femoral condyles is important for the knee mechanics and can 

affect the stabilizing of the knee under compressive loads [21]. Anteriorly, the condyles 

are separated by a depression: the femoral trochlea. The two condyles are connected 

anteriorly by a smooth depression, the patellar groove over which the patella glides 

back and forth during knee flexion and extension. They are separated posteriorly by a 

deep non-articulating groove, the intercondylar notch. The patellar groove surface 

extends downward to the intercondylar notch, and it is made up of two slopes. The 

tibia is a long bone, exceeded only by the femur. It is subdivided into three major 

portions: the proximal end (also called the proximal epiphysis), the body (or shaft), 

and the distal end (also known as the distal epiphysis). The tibia is composed of two 

asymmetric plateaus, medial and lateral. The lateral tibial plateau is smaller and more 

rounded. While the medial tibial plateau is larger and more oval [22]. A peculiarity of 

the tibial plateau is its posterior slope (with the anterior elevation being higher than 

the posterior elevation); when this feature is considered in association with a large 

compressive joint reaction force, the force may have an anteriorly directed shear 



 

 
9 

component that acts to produce a corresponding anteriorly directed translation of 

the tibia [23] (Fig.4). 

 

Figure 4. Tibial plateau. 

The word patella means "little plate" in Latin. The triangularly shaped patella with 

its base facing proximally, apex facing distally, and two surfaces (anterior and 

posterior) is the largest sesamoid bone in the human body. The patella is asymmetrical, 

slightly wider than high, with an apex pointing distally that sits on the femoral 

trochlea. The patella does not fit perfectly with the femoral trochlea because the contact 

points between the femur and the patella vary with knee flexion. Specifically, at 20° of 

flexion, the distal pole of the patella contacts the femoral trochlea [24]. It rides in the 

tendon of the quadriceps femoris, the largest muscle of the thigh and the primary 

extensor of the knee. The dimensions of the patella are between 47 to 58 mm in length, 

51 to 57 mm in width, and 20 to 30 mm in thickness and it has the thickest articular 

cartilage in the body. The patella is located anterior to the distal femur in the 

intercondylar notch between the quadriceps femoris muscle and the patella tendon. 

The patella’s role is to transmit the forces of the extensor mechanism and to increase 

the area of contact between the patellar ligament and the femur. It articulates with the 

femoral trochlea forming the patellofemoral compartment and it also increases the 

moment arm of the quadriceps mechanism. The patella increases extension force as 

much as 50% (Fig. 5). 
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Figure 5. Triangularly shaped patella. 

The fibula is a thin bone in the lower leg and runs along the lateral side of the tibia. 

It articulates with the tibial head and the ankle joint. The fibula is connected to the tibia 

via the interosseous membrane. The fibula does not articulate with the femur or 

patella. Furthermore, the fibula is not directly involved in weight transmission. Its 

main function is to combine with the tibia and provide stability to the ankle joint.   

1.1.1.2 The cartilage 

Articular cartilage (or hyaline cartilage) is a thin and elastic kind of tissue in the 

knee joint that covers the posterior surface of the patella, the tibial plateaus, the femoral 

condyles, and the patellar groove. It is a tissue without vascularization and 

innervation, therefore when it gets damaged, it is not possible to detect it until a bone 

rubs against another bone. The thickness varies depending on the joints. The knee 

cartilage is very thick: 6–7 mm at the patellofemoral joint, 5–6 mm at the femorotibial 

compartment. The main roles of the cartilage are to increase the area of contact of the 

articular surfaces to obtain a more homogeneous distribution of the forces on the 

bones; allow relative motion of the bone involved with minimal friction; reduce the 

load that occurs at the articular surface, acts as a shock absorber. Two types of cartilage 

are present in the knee: the hyaline one, covering the surface along which the joints 
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move, and the fibrous one, which mainly composes the menisci. Cartilage is 

subjected to wear over the years and has a very limited capacity for self-restoration 

(Fig.6). 

 

Figure 6. Cartilaginous structures in the knee. 

1.1.2 Soft tissues 

The bone structures of the knee are fully constrained by soft tissues: the menisci, the 

ligaments, the capsule, and the quadriceps muscle group. 

1.1.2.1 Menisci 

The menisci are two crescent-shaped fibrocartilaginous structures (medial and 

lateral) accepting the convex femoral condyle superiorly and the peripheral tibial 

plateau inferiorly. They are responsible for multiple actions: the improvement of joint 

congruence between the femoral condyles and tibial plateaus, the transmission of 

loads by increasing the contact area, and the proprioception of the knee joint. Without 

them, the nonconformity between the femoral condyles and tibial plateaus would lead 

to increased contact stress during motion and consequently would cause the onset of 

the complications [20]. They consist of connective tissues with collagen fibers 

containing fibroblast and fibrocartilaginous cells. Collagen fibers are mainly arranged 

circumferentially, crossed by radial fibers, improving meniscal strength and rigidity. 

Only the peripheral third of the meniscus is vascularized; the central portion remains 
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avascular. The peripheral section is thick, convex, and adherent to the joint capsule, 

while the central part is thin and unconstrained to the joint. The blood supply of the 

medial and lateral menisci differs between the two sections. In fact, the medial 

meniscus receives a greater blood supply than the lateral one and consequently, 

injuries involving the lateral meniscus require longer rehabilitation. In addition, the 

lateral menisci are much more mobile than the medial ones [20]. The menisci are made 

of three segments: anterior horn, posterior horn, and body. At the lateral meniscus, the 

horns have the same sizes, while at the medial meniscus, the posterior horn is larger 

than the anterior horn. The medial meniscus is generally semi-circular, larger, and 

thicker than the lateral and measures approximately 3.5 cm. It matches the medial 

tibial plateau’s shape. The lateral meniscus is almost circular and covers a larger 

portion of the lateral tibial plateau. It is much more mobile than the medial meniscus 

with the ability to move 1 cm anteroposterior and laterally (Fig.7). 

 

Figure 7. Lateral and medial menisci. 

1.1.2.2 Ligament 

The knee is stabilized by both primary and secondary stabilizers. Primary knee 

stabilization is achieved through knee ligaments, while muscles represent the 

secondary stabilizer [20]. Ligaments consist of closely packed collagen fiber bundles 

that provide support to the joint articulation and prevent excessive movements [24]. 

The major ligaments of the knee joint are:  
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- cruciate ligaments; 

- collateral ligaments. 

The cruciate ligaments are localized within the capsule and are surrounded by a 

synovial layer. They connect the femur and the tibia and in doing so, they cross each 

other obliquely, hence the term ‘cruciate’. They are divided according to their site of 

attachment to the tibia into the anterior cruciate ligament (ACL) and posterior cruciate 

ligament (PCL). The ACL arises from the anterior part of the intercondylar eminence 

of the tibia and extends to the posterolateral aspect of the intercondylar fossa of the 

femur. It consists of two bundles, a posterolateral (PL) and an anteromedial (AM) 

bundle. The PL bundle is an important limitation to rotational moments of the knee, 

while the AM bundle is a restraint to anterior-posterior translation of the knee. During 

passive flexion, the AM bundle is tauter, while during passive extension movement, 

the PM bundle is tauter. The principal role of ACL is to limit excessive anterior 

translation of the tibia and excessive posterior translation of the femur. The ACL is 

considered the main stabilizer of the knee since it contributes to about 85% of the knee 

stabilization and allows smooth and steady flexion and rotation of the knee. The PCL 

rises from the posterior part of the intercondylar eminence of the tibia and moves to 

the anterolateral aspect of the intercondylar fossa of the femur. Its main function is to 

withstand an excessive anterior femoral translation or an excessive posterior tibial 

translation. As ACL, the PCL is composed of two bundles, the posteromedial (PM) 

bundle and the anterolateral (AL) [25]. The collateral ligaments ensure joint stability 

in the mediolateral direction and prevent undesired motion. They include the medial 

collateral ligament (MCL) and the lateral collateral ligament (LCL). MCL stabilizes the 

medial surfaces of the knee, minimizing the valgus and internal rotation during 

flexion; LCL runs from the femur to the fibula to stabilize the lateral surface of the 

distal femur to the proximal fibula preventing excessive varus stress and external 

rotation at all positions of knee flexion [25] (Fig. 8). 
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Figure 8. Knee ligaments. 

1.1.2.3 Synovial capsule  

The articular capsule is a fibrous membrane of varying thickness placed around the 

knee joint. It inserts on the peripheral part of the patella and the lateral edges of the 

patellar tendon. Distally, it is inserted around the edge of the tibial plateau and on the 

periphery of the menisci. Medially, the articular capsule is placed on the peripheral 

surface of the femoral condyles. Proximally, it inserts to the anterior surface of the 

cortex of the femur. It joins the base of the patella on the deep surface of the quadriceps 

[25]. The deep surface of the capsule is covered by the synovial membrane that is 

composed of synovial fluid functioning as a biological lubricant for the joint, absorbing 

shocks, allowing the sliding and rotation of the tibial cartilage with respect to the 

femoral cartilage, and providing low-friction and low-wear properties.  

1.1.2.4 Muscles  

The secondary stabilizers of the knee joint are all the muscles. The primary function 

of muscles is to produce the motion of the knee but also interact with the 

neuromuscular system to control knee motion [20]. Specifically, the stabilization and 

the movement of the knee in flexion and extension are guaranteed by two main muscle 

groups in the leg i.e., the hamstring muscles and quadriceps muscle. The hamstring 
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muscles consist of three muscles: semitendinosus, semimembranosus, and biceps 

femoris muscle. These muscles run along the back part of the femur and attach to the 

fibula and tibia to flex the knee. Conversely, the quadriceps muscle consists of four 

muscles: rectus femoris, vastus lateralis, vastus medialis, and vastus intermedius. 

These muscles attach to the proximal part of the tibia through the quadriceps tendon 

and through the patellar tendon inserts to the tibia (Fig. 9). 

 

Figure 9. Anterior view of quadriceps.  

The quadriceps produce a force that not only permits the extending moment in the 

knee but also guarantee together with the patellar tendon, that the patella is kept in 

the trochlear groove of the femur [26] The hamstring muscles are biceps femoris, 

semitendinosus and semimembranosus as shown in Fig. 10.  

 

Figure 10. Posterior view of hamstrings muscles. 
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1.1.2.5 The tendons  

Tendons are structures that join muscle and bone and transmit the forces produced 

by muscles to bones allowing the movement of the knee joint. In particular, the 

quadriceps act to extend the knee through the quadriceps patellar tendon mechanism 

indeed the quadriceps tendon fibers extend across the anterior surface of the patella 

and blend distally with the patellar tendon. This last one is considered one of the 

strongest collagenous structures of the body and it is designed for the transmission of 

high tensile loads and to keep the patella close to a constant distance from the tibia. In 

addition, the medial and lateral hamstrings act to flex the knee through their respective 

tendons. Furthermore, the iliotibial band performs a counterbalanced activity to the 

knee adduction moment, ensuring lateral stabilization [20]. 

1.2 Patello-femoral joint movement 

The inferior part of the femur presents a pulley-like structure called the femoral 

trochlea. It is like a fixed pulley, and it is made up of medial and lateral faces, one 

inclined with respect to the other, that delimit the trochlear sulcus. The principal goal 

of the trochlear sulcus is to stabilize the kneecap allowing its sliding movement during 

the flexion-extension action of the lower limb. The function of the patella is 

multifaceted. Its primary goal is to serve as a mechanical pulley for the quadriceps as 

the patella changes the direction of the extension force throughout knee ROM. Its 

contribution directly increases with progressive extension. In addition, the patella 

works as a bony shield for the anterior trochlea and since it is interposed between the 

quadriceps tendon and femur it prevents excessive friction between the femoral 

condyles and the quadriceps tendon. The movement of the patella relative to the femur 

or femoral groove during knee flexion-extension is defined as patellar tracking. In the 

TKA procedure, the correct patellar tracking is important to optimize the position of 

the patella for extensor efficiency whilst maintaining a stable tibiofemoral joint. In 

most primary TKAs the achievement of the patellar tracking is linked to the correct 
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implant of the femoral and tibial components [26]. Since the patella travels only a 

small distance along the femoral trochlea, it should be a straightforward task to 

measure and comprehend the patellar kinematics. To understand the patellar 

kinematics, the motion of the patella relative to the femur must be considered: it is 

described in terms of 6 degrees of freedom (DOF), three translations, and three 

rotations. In clinical terms, these movements have been described as medial/lateral 

shift, proximal/distal translation, anterior/posterior translations, flexion/extension, 

medial/lateral tilt, and medial/lateral rotation (Fig. 11). 

 

Figure 11. Definition of patellar motion. 

1.2.1 Static alignment of the patella 

The static alignment of the patella is correlated to the depth of the femoral sulcus, 

the shape of the patella, and the height of the femoral condyle wall. During the knee 

full extension in the frontal plane, the patella typically sits midway between the two 

condyles. In this configuration, the patella is superior to the trochlea and since the 

contact between the patella and femur is minimal, the patella is most mobile. While 

the same movement performed in the sagittal plane reveals that the apex of the patella 

rests just at or slightly proximal to the joint line. A way to measure sagittal plane 
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patellar position is the Insall-Salvati ratio, i.e., the ratio between the patellar tendon 

length and patellar height with the knee bent to around 30°. A ratio of 1.0 is considered 

normal; a ratio less than 0.80 indicates a “patellar Baja” which may be due to a 

shortened patellar tendon, while a ratio greater than 1.2 is called “patella Alta”.  In this 

last position, the patella takes longer to reach the bony constraint of the femoral 

trochlea, and consequently, the patella is at a greater risk of subluxation (Fig. 12). 

 

Figure 12. Patellar reference position. 

1.2.2 Dynamic movement of the patella 

The dynamic movement of the patella commonly referred to as patellar tracking is 

more important than the static alignment. The patella is a gliding joint and thus it has 

a movement in multiple planes. These movements are superior/inferior glide, medial 

and lateral glide, medial and lateral tilt, and medial and lateral rotation. Superior glide 

or patellar extension occurs when the quadriceps contract creating a superior pull on 

the patella. Inferior glide or also termed patellar flexion happens in conjunction with  

tibiofemoral flexion. Lateral and medial glides occur as translations in the frontal 

plane. The assessment of the dynamic movement can be done considering two 

typologies of chains: open chain and closed chain. During open chain motion the 

patella follows the path of the tibia, specifically, it glides inferiorly with knee flexion 

and superiorly with knee extension [12]  (Fig. 13). 
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Figure 13. Open chain patellar motion with knee extension and knee flexion. 

As the knee increases the flexion movement, the overall pattern of the patellar contact 

area increases, and this contact begins between the lateral femoral condyle and the 

lateral facet of the patella, at 30° degrees the contact is evenly distributed on both sides 

of the condyles. Then, at 60° degree of knee flexion, the superior half of the patella is 

in contact with the femoral groove slightly inferior to the contact area. At 90° degree, 

this contact area continues to increase and at this point, the superior portion of the 

patella is contacting an area of the femoral groove seated just above the notch. In deep 

flexion, the patella bridges the span of the intercondylar notch and during the full 

flexion, the odd facet is the only contact between the lateral surface of the medial 

femoral condyle and the patella. It is important to know that, in full extension, the 

patella moves slightly lateral due to the external rotation of the tibia [12].  

Conversely, in closed kinetic chain movements, the patella is tethered within the 

quadriceps tendon so when the femur rotates in the transverse plane, it is the femoral 

surface that glides behind the patella.  
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2 Total knee prosthesis 

2.1 Arthritis 

The articular surfaces of the femur, tibia, and patella, which articulates with the 

femoral trochlea, are covered by superficial layers of cartilage that allow the sliding 

and the rotation of one component to the other with low friction. When the articular 

cartilage becomes damaged, arthritis, an inflammatory disease, occurs limiting joint 

mobility. Three types of arthritis affect the knee joints: OA, rheumatoid arthritis (RA), 

and post-traumatic arthritis (PTA). OA, the most common type of arthritis, occurs 

when one or many joints undergo degenerative changes causing a partial or total loss 

of cartilage and proliferation of bone spurs (osteophytes). Progression of OA could 

also lead the cartilage to completely disappear provoking a contact of bone and their 

rubbing leads to bone wearing causing an alteration in shape. Consequently, the 

balance configuration is compromised since the knee is not able to stand the full body 

and therefore cedes under loading [5]. In this new configuration, the stress needs to be 

redistributed so on the side of the knee that is clinically misaligned, greater pressure 

will be exerted and on the opposite side, the ligaments will be stretched [27] (Fig. 14). 

 

Figure 14. X-rays image of: a) healthy and b) arthritic knees. 
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RA is a chronic auto-immune disease in which the synovial membrane that covers 

the knee joint begins to swell causing knee pain and stiffness. It affects joints and 

internal organs. Symptoms of RA are different from those of OA. Joint stiffness lasts 

longer with RA, stiffness, and pain often occur in multiple joints and on both sides. 

The person may feel sick all over, lack energy, and his appetite. PTA can develop after 

an injury to the knee as fracture, soft tissue damage, meniscal tear. Its symptoms are 

like those of OA. Currently, the previously mentioned types of arthritis cannot be 

reversed, but symptoms can be effectively managed with lifestyle changes, physical 

therapies, and medications. But if they are not enough, surgery is required such as 

TKA. The next chapter explains in detail this procedure, its components, and the 

prosthetic implants present on the market. 

2.2  TKA procedure  

TKA is the most effective treatment for a total knee replacement for several 

advantages, such as relieving the pain of patients and restoring the function of the knee 

joint. Even a slight deviation in alignment in lower limbs can cause the loss of stability 

in the knee joint and an increase in the risk of wear-out failure and looseness rate of 

the implant. Thus, the restoration of lower body alignment is a key factor to achieve 

satisfying efficacy. The main goals of TKA are to restore the alignment of the knee, the 

ROM, the joint line, and the stability of the joint; to assure proper patellofemoral 

tracking, and to apply proper fixation techniques [3]. Preoperative planning is needed 

to determine the presence of any varus or valgus forces on the knee, by drawing the 

mechanical and anatomical axis on the X-Ray radiographs. Then the damaged joint 

surfaces are cut away and replaced with an artificial joint (prosthesis). The three 

prosthetic components are made of different materials: metal alloys, high-grade 

plastics, and polymers (Fig. 15). 
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Figure 15. TKA components. 

The TKA is the most used procedure (90% of cases) in the case in which the OA 

affects both the medial and lateral articular surfaces of the knee joint and thus it is 

necessary to replace both. A drawback of TKA is the resection of bone stock and 

ligaments, resulting in an abnormal knee that could be especially disadvantageous for 

young and high demanding patients. Furthermore, to obtain a better fix of the tibial 

and femoral components of the prosthesis, stems are directly inserted into the bone 

itself. After 10-15 years from the first TKA, a revision is usually necessary to assess the 

proper knee alignment or remove the prosthesis and replace them with a second one 

characterized by longer stems. In the case of an isolated compartment OA of the knee, 

a well-accepted treatment is unicompartmental knee arthroplasty (UKA) [9]. In 

comparison with TKA, UKA allows for shorter operative times, less blood loss, 

minimal bone resection, smaller implants, and preservation of both cruciate ligaments. 

Since the UKA is going to replace only the knee compartment affected by OA, the 

cruciate ligaments are spared and thus the kinematics and proprioceptive activities of 

the native knee have been reported to be better preserved by UKA than by TKA (Fig. 

16). 
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Figure 16. TKA components (on the left) and UKA components (on the right). 

In addition to the previously described procedures, the Bi-unicompartmental knee 

arthroplasty (Bi-UKA) has been proposed to bridge the gap between UKA and TKA. 

It is performed when both the knee compartments, the medial and the lateral, are 

affected by OA. The Bi-UKA is so-called because, in contrast to the TKA, it consists of 

two UKA one for the lateral portion and one for the medial ones of the knee. Bi-Uni 

preserves the uninvolved compartment and the cruciate ligaments guaranteeing more 

physiological knee kinematics and improving proprioception. A careful selection of 

the patients must be done before performing this surgical procedure it is not 

recommended for obesity with varus in osteoporosis, inflammatory rheumatism, 

symptomatic patellofemoral arthritis flexural deformity greater than 10°, and severe 

combined laxity [29].  

2.2.1 Surgical technique 

On the day of surgery, the patient should be identified by the surgeon to confirm 

the correct side. The patient's preparation for TKA requires adequate muscle relaxation 

to facilitate the eversion of the patella and minimize tension in the quadriceps. Once 

the patient is prepped on the operating table, the skin incision can be made with the 

leg in extension or flexion. The cut starts 5-6 cm proximal to the tibia and ends on the 

medial border of the tibial tuberosity. In order to have access to the bones and remove 

the entire menisci, the patella and the medial patellofemoral ligament are moved 
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to the side and the ACL is removed. After that, the leg is placed a little bit more 

flexed to access the tibia and femur extremities. Firstly, the tibial plateau is cut strictly 

perpendicular to the long axis of the tibia; secondly, the posterior femoral condyle is 

cut, flexing the knee of 90° and drilling a hole in the femoral groove to have a reference 

point used to measure the size of the femoral component. A flexion gap is created by 

the cut of the tibial and posterior femoral condyle that can be measured by a spacer. 

The thickness of the spacer will correspond to the polyethylene insert of the knee 

prosthesis. In presence of valgus or varus forces, the spacer will be a spacer, and, in 

that case, a tibial recut or ligamentous release could be necessary. Indeed, a balanced 

flexion gap is required to obtain an adequate ROM and correct stability in the sagittal 

plane. Then, a condition of isometry of the collateral ligaments must be reached, and 

to do that the exact same rectangular flexion gap in the extension must be reproduced. 

So once the flexion and extension gaps are corrected, the chamfer and anterior femoral 

cut are performed. If necessary, the patellar cut is done being careful to not increase 

the thickness of the patella and the physiological structure with the implant; in fact, an 

over-cutting may weaken the patella and increase the risk of fracture, while on the 

other hand, a bigger thickness of the final patella may ruin the medial patellofemoral 

ligament by stretching it too much. Before implanting the prosthesis, a trial component 

is placed to check the complete ROM (Fig. 17). 

 

Figure 17. Steps of the TKA procedure. 
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Despite TKA being the gold standard procedure for the treatment of advanced knee 

arthritis, some studies have demonstrated that the long-term results in VD knee are 

relatively inferior to those of varus deformation. One of the main reasons may be the 

difficulty to acquire good soft tissue balance representing a challenge to the joint 

replacement surgeon. That’s the reason the surgeon in the valgus knee should more 

confidently achieve soft tissue balancing to obtain a better load distribution and 

adequate stability [29]. 

2.3 TKA prosthetic components 

The main needs that the design in TKA must satisfy are anatomic congruence, 

articularity, less material wear, and better resistance to the weight and to the stresses 

[2]. Generally, a total knee prosthesis is made of three parts: the femoral component, 

the tibial component, and the polyethylene insert (or spacer). In addition, if it is 

necessary the patella component could be considered and inserted. The femoral 

component is placed in the distal part of the femur and covers the lower end of the 

femur. The tibial plate is inserted into the center of the tibial bone and the third 

component is placed between femoral and tibial components.  

2.3.1 Femoral component 

The femoral component replaces the distal part of the femur. In many cases, the 

implants follow an asymmetric design to better reflect the asymmetrical geometry of 

the femoral condyles. Furthermore, since the patella during the knee flexion generates 

contact with the distal surface of the femoral component, asymmetric design is 

preferable to maintain the anatomical shape. To reduce the tension in flexion and to 

ensure a more physiological patella tracking also the condylar groove is asymmetric. 

The condyles can be a single radius (SR) or a multiple radius (MR) design. SR design 

allows knee flexion and extension along a single axis benefiting the collaterals that 

maintain isometry and to the quadriceps that can generate a greater lever arm, whereas 
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the MR design is based on the J-shape of the native condyles. A correlation between 

the designs of the femoral component and the instability of the patella has emerged. 

Indeed, early designs of the femoral component have a shallow, flat trochlear groove 

that frequently induces an unstable patella. Normal knee function has been associated 

with the deep groove. The early hinged prosthesis has a narrow femoral flange, and it 

has a high rate of patellar subluxation and dislocation in the same way, the next 

generation of implants, also have either no groove or an insufficient groove for the 

patella inducing high patellofemoral stress. Nowadays, the designs are characterized 

by a smooth deep groove with a short, narrow notch that improves the patellar 

tracking and stability. 

2.3.2 Polyethylene insert 

The polyethylene insert is used to fill the gap between the distal femur and the 

proximal tibia created after the removal of menisci. The insert can be placed on the 

tibial component through a fixed or a mobile-bearing design. In the first case, pegs or 

matching shapes are used to attach it to the tibial plate; while in the second case it can 

rotate on it, minimizing the contact pressure. The polyethylene insert has an important 

role to create a smooth gliding surface and the role of z damper to absorb shocks and 

prevent luxation. Ultra-High Molecular Weight Polyethylene (UHMWPE) is usually 

used to construct the insert because it has excellent mechanical properties, such as 

elasticity, resistance to impact, abrasion, breaking, yielding, and fatigue, as well as low 

coefficients of friction, chemical inertness, and biocompatibility [30] (Table 1). 

Table 1. Mechanical features of UHMWPE. 

Property Value 

Density 4.4 g/cm3 

Vickers hardness 30 MPa 

Yield point 20 MPa 

Young modulus 0.725-0.775 GPa 

Elongation at break 300% 
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2.3.3 Patellar component 

In some cases, the patella can also be replaced with a prosthesis. The patellar 

component improves extensor function by increasing its lever arm. There are different 

shapes of patellar components: cylindrical, convex, dome, and oval. A possible issue 

that may be present is the congruence with the femoral component groove. 

2.3.4 Tibial component 

The tibial plate is flat and has a stem that inserts into the center of the tibial bone. 

The tibial baseplate can be orthogonal or slightly inclined with respect to the stem. As 

for the polyethylene insert, also the tibial component can have a fixed or a mobile 

bearing. The fixed design has several drawbacks since it can be subjected to loosening, 

polyethylene wear, and transmission of extensive torque at the bone-implant interface 

thus the mobile-bearing design was introduced to improve the fixed on, and to allow 

high conformity bearing surfaces, a more natural motion, and reduce the stresses. The 

tibial component can be made up of titanium, satellite, or Ti6AI4V alloy.  

2.4 Classification of TKA prosthetic implants 

The classification of TKA prosthetic implants can be based on the replaced 

compartments, mechanical constraints, insert, and fixation method. The choice of the 

implant must be based on the degree of joint instability and the presence of bone 

defects. This section will be presented the classification according to the previously 

mentioned characteristics of the implants. 

2.4.1 Classification based on the replaced compartments 

Three types of implants are present in this category:  

- Unicompartmental prosthesis: used when only one bone compartment is 

replaced. The ACL must be intact. It can be subdivided into tibiofemoral 

unicompartmental implants and patellofemoral implants. The first one consists 
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of femoral and tibial components that replace either the medial or lateral 

compartment. A unilateral metal femoral component substitutes the inferior and 

posterior surfaces of the native condyle, and a unilateral medial-tibial baseplate 

is inserted into the tibia; in the second one, the native trochlea is replaced by a 

metal trochlear component. 

- Bicompartimental prosthesis: both the medial and lateral tibial and femoral 

components are substituted at the same time. The native patella is retained. 

- Tricompartimental prosthesis: all tibiofemoral and patellofemoral compartments 

are replaced by a metal femoral component, a polyethylene insert, and 

polyethylene patella. If the patella is damaged, it is substituted by a metal backed.  

2.4.2 Classification based on the mechanical constraint 

Usually, the LCA is removed, while the LCP if it is intact is preserved. The part used 

to contrast the forces acting on the knee is called constrain. In this classification belongs 

the followed prosthesis: 

- Cruciate retaining (CR) prosthesis: they preserve the PCL, not the ACL. The 

advantages of these are that they have the best longevity, more physiological 

biomechanics, more stability, and the possibility of fixation without cement as is 

shown in Fig 18. 

 

Figure 18. CR prosthesis. 
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- Posterior-stabilising (PS) prosthesis: LCP is removed. They consist of thicker 

tibial inserts and present in the center, a ridge that articulates with a cam obtained 

in the femoral component and which together with this provides a brake to an 

excessive forward translation of the femur on the tibia avoiding the dislocation 

of the femur. PS prosthesis advantages: more possibility to obtain a more 

ligamentous balance, more predictable kinematics, and good flexion flexibility 

(Fig. 19). 

 

Figure 19. PS prosthesis. 

- Hinged prosthesis: They allow only flexion-extension movements in the sagittal 

plane. Their components both have long taps to be inserted into the medullary 

channels ensuring joint stability. They are used in case of extreme bone fragility 

(Fig.20). 

 

Figure 20. Hinged prosthesis. 
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- Medial pivot prosthesis: This design has been created to reproduce the 

movement of the normal knee during flexion, called the “medial pivot”. 

Specifically, it indicates the fact that during flexion there is a minimum 

movement of the medial femoral condyle and a posterior translation of lateral 

femoral condyle. It has been created with a medial condyle that has an identical 

curvature radius on the coronal and the sagittal plane and the lateral condyle is 

smaller than the medial with a cylindrical configuration to control rotation and 

to stabilize the knee. The medial pivot prosthesis design allows better ROM, 

better stability, longer polyethylene survival, and less wear stress on the tibial 

surface. An important key element of this design is the more reproducibility of 

the paradoxical motion, i.e., the problem in which the traditional models can’t 

reproduce before the implantation, the roll-back mechanism but slide forward as 

it is shown in (Fig 21). 

 

Figure 21. Medial pivot prosthesis. 

2.4.3 Classification based on the insert 

According to the movement between the insert and tibial plateau, two different 

models are distinguished:  

- Fixed insert: The insert is fixed through a constraint to the tibial plate and is solid 

with its movement; 
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- Mobile insert: Rotational movements between the insert and tibial plate occur. 

They are designed to limit the polyethylene wear and the subsequent failure 

caused by osteocytes (Fig.22). 

 

Figure 22. Two type of prosthesis: a) Mobile bearing prosthesis; b) fixed-bearing prosthesis. 

2.4.4 Classification according to the fixation 

There are two kinds of fixation for the prosthetic component: cement and cementless 

TKA implants. The first one is the most frequent prosthesis in which both the tibial 

and the femoral components are cemented with polymethyl methacrylate (PMMA). 

Cement makes the discontinuities uniform and acts as a damper being interposed 

between a material very rigid (the prosthesis) and a much less rigid one (the bone). 

Whereas the cementless prosthesis consists of a rough surface layer that ensures 

anchoring to the bone through a press-fit method. Among the typical problems related 

to cement use, there is wear since small fragments of resin can detach from the 

principal block [31] (Fig. 23). 

 

  

Figure 23. Cemented and uncemented prosthesis. 
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2.4.5 Implant choice in valgus knee 

In the history of orthopaedic surgery, the correction of a knee joint VD has been 

considered a tough challenge. Despite the advances in these terrains, the type of 

ligament balancing approach and choice of appropriate implant represents an open 

debate still today due to a lack of scientific evidence-based studies. The implant 

selection should be carried out pre-operatively based on the radiological and clinical 

evaluation. In the case of frontal deformity in valgus, in patients with convex laxity 

and/or deformity surpassing 20°, achieving these two objectives may be difficult [9]. 

Specifically, the selection of the appropriate implant appears to be most relevant since 

the good, durable, and functional outcome of the TKA depends on this. Several TKA 

implant designs offer the surgeon options for individual patients. The different choices 

imply that each specific problem has a corresponding implant that provides a reliable 

solution. The principal goal of TKA is to attain optimum alignment, adequate balance, 

and deformity correction. Basically, the patients can receive either a fixed-bearing 

design or a mobile-bearing implant. Nowadays an overwhelming majority of TKR are 

“fixed bearing” divided into PCL preservation designs (CR) and PCL substitution 

designs (PS). Many works were carried out to evaluate which was the better design to 

ensure better results. Both guarantee reliability and duration during the years [2]. In 

the valgus knee, the PCL is often contracted, and this may limit the deformity 

correction. Moreover, it may be more difficult to obtain the deformity correction with 

an intact PCL because the PCL represents the secondary stabilizer. Furthermore, a PS 

prosthesis has more stability than a CR one and allows for greater lateralization of 

the femoral and tibial components improving patellar tracking. So, since it has been 

suggested that it is simpler to substitute a contracted PCL with a PS design than to 

stabilize it with a CR one, some authors have recommended that a PS design can be 

used in VD (Fig. 24). 
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Figure 24. (a) Postoperative anterior-posterior and lateral views; (b) antero-posterior long lex view at 3 

months showing a well-aligned left knee. 

Other works have preferred CR design since the PCL retaining consents bone stock 

preservation with less fracture risk, permits an easier revision surgery, and guarantees 

extensor apparatus strength. The comparison of the femoral and tibial anatomic 

congruence has inferred that the CR congruence is less than PS one. it allows a greater 

ROM, but also causes prosthetic components instability due to sliding and wear stress 

increasing.  PS design is inherently more stable than CR result so that it is applicable 

to most deformities and allows for greater localization of femoral and tibial 

components improving patellar tracking. Some prefer a PS implant since the surgeon 

must confidently achieve soft tissue balancing resulting in better load distribution and 

enhancing both longevity and component stability. The choice of implant, however, 

must be based on the degree of joint instability and the presence of bone defects so 

careful pre-operative planning is essential to estimate the grade of constraint that will 

be necessary. Indeed, for Grade I valgus knees, CR implants can be used but proper 

bony resections are required for TKA long-term survival is mandatory to evaluate 

if it is present a fixed or a reducible VD:  in the first case, after lateral soft tissue release, 

the knee may be unstable because both the medial and lateral structures will no longer 

be functional. Thus, in this case, the surgeon should also decide to implant a semi-

constrained prosthesis, i.e., constrained condylar one. In case of laxity on the coronal 
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plane caused by an MCL insufficiency, PS, condylar constrained knee (CKK), or the 

hinged implant is preferred to achieve appropriate stability and deformity correction. 

In case of a mild coronal deformity (<10°) and inadequate MCL tension, a PS implant 

can be used. Whereas, in presence of more severe deformities many surgeons rely on 

a CCK implant since it has a larger cam and can adopt stems that dissipate joint 

stresses, with the drawback that is necessary to remove a larger portion of femoral 

intercondylar bone to accommodate the femoral box. Anderson et al. [33] have 

reported excellent results at a mean of 44.5 months follow-up in 55 primary CCK TKAs 

without stems for the treatment of valgus knee. Easley et al. [33] have carried out 

excellent clinical outcomes at a means of 7.8 years follow-up in the case of 44 

consecutive primary stemmed CCK TKA without the presence of loosening, implant 

failure, flexion instability, or peroneal nerve dysfunction too. However, there are some 

drawbacks of CCK prosthesis as the polyethylene wear, the difficulty in revision TKA 

procedure after CCK prosthesis implantation, mechanical loosening due to load 

transfer, and periprosthetic failure. Rai et al. [33] have demonstrated that despite 

having a severe deformity and stiffness of the knee joint at a young age, primary CCK-

TKA in post-traumatic arthritis provides satisfactory clinical outcomes with 94.7% 

prosthesis survival. Hence, they conclude that CCK-TKA is a good option for the 

treatment of post-traumatic arthritis of the knee but not without complications [9]. In 

the case of elderly patients with bone defects, VD greater than 20°, multiplanar 

instability, or rheumatoid arthritis, a hinged implant should be the solution preferably 

coupled with fixed bearing to improve patellar tracking in the valgus knee. 

Unfortunately, the hinged implants are subject to several limitations as the need to 

cement long stems into the tibia and femur hinder their removal during revisions and 

the risk of loosening or rupture of the implant. On the other hand, when the medial 

soft tissue is no longer functional with certainty as in grade II, a higher constrained 

prosthesis is mandatory to obtain knee stability (Fig. 25). 



 

 
35 

 

Figure 25. Anteroposterior (on the left) and lateral (on the right) view showing the rotating hinge 

prosthesis implanted in a patient.  

According to the literature, in patients with fixed deformity, constrained devices 

such as CCK and hinge types may achieve satisfactory results. Even if it is not so easy 

the selection the implant, it is possible to keep in mind the level of constraint that can 

be categorized as CR with minimal constraint, CS design, unlinked varus-valgus 

constraint, rotating hinge implant. The choice of the correct degree of constraint is 

based on the bone’s condition and ligaments; if sufficient a primary PS design could 

be a good option; in case of insufficient collaterals, the ideal implant could be the semi-

constrained design since it provides the minimum bone loss. Finally, in the case of 

severe ligament disruption and bone loss, the hinged prosthesis could be eventually 

chosen [62]. In [32] was demonstrated the therapeutic potential of mobile-bearing TKA 

in case of permanent patellar dislocation with tibiofemoral (TF) joint OA. In this case, 

an 80-year-old woman with permanent dislocation of the patella and severe VD has 

been considered and, it has been carried out that mobile-bearing TKA can theoretically 

adjust rotational malalignment by itself-align feature and improve patellar tracking 

and patellofemoral contact stress. 
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3 State of the art 

Traditionally, the TKA procedure has been used as an effective treatment for OA, 

relieving pain and restoring knee function of the patients. However, a considerable 

number of patients are dissatisfied after the surgical treatment [33]. Anterior knee pain 

after TKA is one of the most common patient complaints that increases the revision 

rate. Several factors can induce persistent knee pain: prosthesis placement (excessive 

rotation, aseptic loosening), surgical procedures (ligament balance), infections. 

However, even when all these reasons have been ruled out, patients still describe 

anterior pain. The most important factors which affect this problem are surgical 

technique and prosthesis design. Several studies [34] have demonstrated the influence 

of femoral component modifications in the changes of patella tracking [35]. Among 

them, Meijerink et al. [36] have proved that the TKA medializes the trochlea producing 

an abnormal patellar tracking pattern which could result in patellar instability, pain, 

wear, and failure. Other authors [37] have focused on the difference between CR and 

PS design on patellofemoral contact pressure and kinematics demonstrating better 

results for PS TKA with respect to CR TKA inducing less frequent anterior knee pain. 

It has emphasized that the occurrence of patellar tracking is caused by rotational 

malalignment of the femoral and/or tibial components. Many investigations [38] have 

analysed the CR-TKA and CS-TKA on tibiofemoral kinematics, however, the 

influence of these kinds of prosthesis on patellofemoral kinematics is unclear. Thus, 

Keshmiri et al. have compared patellar kinematics in the natural and in the knee with 

a CR and CS-TKA demonstrating that there is no significant difference in 

patellofemoral kinematics between the two designs [39]. Planckaert et al. [40] have 

analysed knee 3D kinematics (flexion/extension, valgus/varus, and internal/external 

tibial rotation) of TKA patients with anterior knee pain and compare them to those of 

the asymptomatic TKA group, and a healthy control group. The study has revealed 

different gait kinematics 
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of painful TKA patients with respect to asymptomatic ones. Painful TKA patients 

presented three specific characteristics that tend to patellofemoral forces causing 

unexplained pain: a stiff knee gait, a valgus alignment when walking, and combined 

TKA components slightly internally rotated. Since the complexity of knee kinematics 

has always challenged and fascinated the scientific community, the researchers have 

explored other tools to better understand the behaviour of the knee. In this context, the 

FEA, also termed the finite element method (FEM), has made its way. FEA is a 

numerical process to solve engineering problems and mathematical physics. To solve 

the problem, it subdivides a large problem into smaller, simpler parts that are called 

finite elements. The simple equations that model these finite elements are then 

assembled into a larger system of equations to represent the entire problem. The main 

benefit of using FEA is that it is cost-effective, as running an analysis using this 

computational method is cheaper than performing a physical experiment. Modern 

finite element models are usually based on magnetic resonance imaging (MRI) and/or 

computed tomography (CT) scans and offer a high degree of anatomical realism. 

Specifically, FEA has been recognized significantly and widely used in the field of knee 

prosthesis to perform numerical simulations under different types of configurations 

and loadings; indeed, FEA is a useful tool for the prediction and measurement of local 

parameters such as internal stress, strain, and displacement or to detect abnormal 

forces generation which can be the cause of TKA failure and uncomfortable situations 

for the patient by affecting joint kinematics. An uncomfortable condition for a patient 

is knee misalignment which is considered one of the biomechanical key factors 

influencing the progression of knee OA. Valgus malalignment increases the risk of 

medial and lateral OA progression [27]. In this scenario, several works have applied 

FEM to both simulate different everyday life conditions and loads of normal knee joint 

or pathological one and to simulate possible complications in TKA to reduce the 

incidence of TKA revision and improve patient satisfaction after TKA. The studies 

obtained from accurate research in the literature have been divided into four different 

sections: 

In Sec. 3.1 studies focused on the use of FEA to investigate the stresses and the 
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complications produced after TKA performance, and the patellofemoral joint 

biomechanics have been inserted.  

In Sec. 3.2 all the works in which the FEA was applied to create a 3D model in the 

case of the valgus knee without the application of TKA have been grouped. 

In Sec. 3.3 studies that have considered different assumptions to facilitate the 

ligaments representations in the FEA 3D models have been summarized. 

In Sec. 3.4 works based on the study using FEA the patellofemoral joint kinematics 

before and after the TKA treatment. 

3.1 FEA 3D models to study knee biomechanics 

Ingrassa et al. (2013) [41] have applied the FEM to firstly compare two different PS 

knee joint prostheses (Stryker and Tornier) that were different mainly in the shape of 

the PE component and after the reshaping of the best solution, contact and equivalent 

stresses on the plastic insert of the two models have been calculated. The materials 

used for the prostheses were the Ti6Al4V and UHMWPE, due to their high 

biocompatibility and good tribological properties reported in Table 2.  

Table 2. Material properties used in Ingrassa et al. Study [41]. 

Material Young’s modulus (MPa) Poisson’s ratio 

Ti6AlV 110.000 0.34 

UHMWPE 2.00 0.44 

 
The CAD model of the prostheses has meshed into solid finite elements and different 

knee flexion angles configurations have been analysed. A load was applied along the 

femoral axis. FEM analyses have returned stress distribution at the interface between 

the femoral part and the plastic insert at 60°, 90°, and 120°, and in the stabilizing post-

cam mechanism which is fundamental to prevent dislocations. Numerical 

comparisons have been performed in terms of contact and equivalent stresses on the 

plastic insert for both models. Furthermore, geometric modifications of the anti-
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dislocation element have been proposed to enhance the stress distribution and 

minimize the risk of wearing and fracture damage. From these results, an optimization 

of the original prosthesis has been possible by reducing the stress peaks without 

affecting the kinematics of the joint. The two FEM models are shown in Fig. 26. 

 

Figure 26. FEM models of the two prostheses. (a) Stryker model (B) Tornier model. 

Islam et al. [42] have developed 3D FE models of the patellofemoral joint to quantify 

in vivo cartilage contact stress. The refined 3D model geometry was imported into 

Hyper Mesh to create the FE meshes of the femur, patella, patellar cartilage, and 

femoral cartilage (Fig. 27).  

  

Figure 27. Finite element model of patellofemoral joint [42]. 
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The patellar and femoral cartilages were modelled as a homogeneous isotropic 

material with a Young modulus of 12.0 MPa and a Poisson’s ratio of 0.45. The femur 

and patella were modelled as linear elastic isotropic materials with a modulus of 

elasticity of 12.0 GPa and Poisson’s ratio of 0.38. The bone structures, patella and femur 

have been considered rigid. Surface-to-surface contact was assumed based on the 

hard contact constraints and a very low coefficient of friction of 0.002 was assumed for 

the contact modelling. The femur was constrained in all six DOF at the proximal end 

for all simulations. All the four FE models were developed for the left knees of a 

healthy female subject and one pathological subject with patellofemoral pain 

syndrome (PFPS) at two different knee flexion angles. It has been demonstrated to 

have higher stress on the medial side of the patellofemoral joint for the pathological 

subject than the healthy subject leading to higher medial pain. Contact stresses, Von-

Mises stress, and maximum principal stresses increase with the increasing of flexion 

angle. The FEA has shown higher stresses in the medial side of the PFPS subject (Fig. 

28). 

 

Figure 28. Patellar cartilage Von Mises stress for (a) healthy subject (max. stress of 2.1 MPa at lateral 

side); (b) PFPS knee (max. stress of 2.55 MPa at medial side) [42]. 
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In [43], the development of a 3D solid biomechanical knee model consisting of femur, 

tibia, ligament, patella, cartilage, meniscus, and knee prosthesis has been proposed. In 

this regard, two total knee prostheses composed of the femoral implant, tibial implant, 

and polyethylene insert have been considered to reduce the stresses and strains in the 

tibia and tibial bone. Additionally, the nature of equivalent stresses with different 

biomaterials (elastomer and cement) has been investigated to find the best material for 

knee prostheses. The elastomer has been implanted between the tibia implant and the 

polyethylene insert in the four prostheses of the knee (Model (Ti6Al4V), Model II 

(CoCrMo), Model III (316L SS), Model IV (ZrO2)) and for model five of the knee 

prosthesis (Model V) attached the lower implant in the tibia bone with the cement. 

Solidworks 2016 has been implemented to solid modelling knee implant components. 

The FEA of the knee prosthesis instead has been performed in ANSYS workbench 16.2 

by applying the load in the upper surface of the femur and fixed embedding at the low 

level of the tibia and tibial bone. Three models of the knee have been constructed: the 

first model is of an intact knee joint; the second one has been composed of the femoral 

implant, tibia implant, medial implant, polyethylene insert, elastomer and the third 

one has consisted of the femoral implant, tibial implant, polyethylene insert, and 

cement. These models have been created starting from bone structures and soft tissues 

taken from a healthy human knee of a 24-year-old man (Fig. 29). 

 

Figure 29. Different views of the knee model studied: (A)lateral view; (B) dorsal view; (C) front view; 

(D) lateral (right) view [43]. 
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The material properties of the bone structures and prosthetic design used in this 

work are listed in Table 3.  

Table 3. Material properties of different biocompatible materials used for prosthesis.  

Material Density 

(Kg/m3) 

Young’s Modulus 

(MPa) 

Poisson’s ratio 

Tibia 1.96 - - 

Femur 1.91 - - 

UHMWPE 930 690 0.29 

Ti6Al4V 

      CoCrMo 

4430 

8830 

115000 

230000 

0.342 

0.3 

 

The geometries have been modelled by tetrahedral elements, type Solid187. The 

resulting femur consisted of 479,497 elements and 676604 nodes; the tibia and tibial FE 

models of 447218 elements, 62440 elements, 625854 nodes, and 94168 nodes 

respectively; the patella consisted of 25094 elements and 36292 nodes. The femoral and 

tibial cartilage consisted of 57755 elements and 92406 nodes, the ligaments consisted 

of 41120 elements and 68096 nodes and finally, the menisci were composed of 10476 

elements and 17312 nodes. The obtained FE model has been shown in Fig.30. 

  

Figure 30. FE model of one of the three models obtained in this article [43]. 
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The load and boundary conditions have been defined: the tibial tray and femoral 

component were fully bonded to the femur and tibia bone respectively. The PE mobile-

bearing was free to make translation and rotation with respect to the surface of the 

tibial tray. A load of 500 N was applied to the upper surface of the femur which was 

constrained only in flexion-extension while the tibia and fibula were completely fixed 

at their distal ends as it is shown in Fig. 31.  

 

Figure 31. Boundary conditions in different views: (A) lateral (left) view; (B) front view; (C) dorsal 

view; (D) top view [43]. 

In 2019 [44], the patellar tendon release’s effect on the movement of patellofemoral 

joint squat has been analysed to provide reference data for knee joint surgery. Starting 

from CT and MRI images of a healthy male volunteer, a 3D geometric knee model has 

been established. Then, a TKA prosthesis has been assembled Fig.32.  

  

Figure 32.  FEA model of the knee joint after TKA [44]. 
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The simulation of patellar tendon release has been performed in Hypermesh 

software, version 11.0 (Altair Engineering Corp, MI, USA). A force of 400 N was 

applied to the quadriceps with a direction parallel to the femoral shaft. At the same 

time, half of the body’s weight was applied to the center of the femoral head. Then, the 

reference point of the ankle was fully fixed with six degrees of freedom. The bone and 

femoral prosthesis have been defined as isotropic and linear elastic materials, 

respectively. The polymer polyethylene pad has been defined as non-linear elastic-

plastic material. The soft tissue has been defined as nonlinear elastic. Between the 

polymer polyethylene and cobalt-chromium molybdenum material, a friction 

coefficient of 0.04 has been defined. Different flexion degrees have been simulated in 

ABAQUS software; version 6.10 (Dassault SIMULIA Corp., Paris, France). 

In a more recent study [45] FEA has been applied for the first time to investigate lateral 

patellofemoral stability in patients with symptomatic patellofemoral instability and 

dysplasia of the trochlear groove.  MRI data of five healthy knees were segmented, 

meshed and an FEA has been performed. Then the force required to dislocate the 

patella by 10 mm and to fully dislocate the patella has been calculated in various knee 

flexion angles between 0° and 45°. Patellar kinematics were derived from the 

prescribed tibiofemoral kinematics in a static structural finite element (FE) simulation 

(ANSYS® Academic Research, 19.2). Ligaments have been modelled as tension-only 

springs. Specifically, the MPF ligament and lateral retinaculum have been modelled as 

four-tension-only springs with a total stiffness of 12 N/mm and 2 N/mm, respectively. 

Contact between the femur and the patella were modelled as frictional with a friction 

coefficient of 0.02. Bones were modelled as rigid structures with the femur fixed in 

space. Cartilage was treated as a rigid structure and deformation was considered by 

formulating contact behaviour with a penetration penalty (Fig. 33). 
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Figure 33. Illustration of the quadriceps muscle (red), MPFL (green), MPFL (yellow), lateral 

retinaculum (blue), and PT (orange) [45]. 

3.2 FEA 3D knee models in case of VD 

Tarnita et al. [46]have applied the FEA to study the role of the articular cartilage in 

a complex 3D model of the healthy human knee joint, to develop the OA, and to 

simulate the biomechanical behavior of the knee joint. Three different cases for the 

valgus tilt of 10° have been developed which differ from each other by progressively 

increasing disorder areas in menisci, femoral and tibial cartilage (Fig. 34). 

 

Figure 34. The three considered cases for the valgus inclination of 10° [46]. 
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For geometric discretization Solid 186 tetrahedron elements defined by 20 nodes and 

Solid187 tetrahedron elements, defined by 10 nodes, have been used. The mesh of the 

geometric models for both the healthy and the OA knee have shown in Fig.35. 

 

Figure 35. FE model for A) Healthy knee joint; (a) femoral cartilage; b) tibial cartilage; c) menisci; B) 

valgus knee joint [46]. 

For the FEA three different boundary conditions have been considered: 1) on the 

proximal head of the femur an 800N force and 1500N force in the Z-axis direction have 

been applied; 2) on the same location, a Remote Displacement is applied to allow offset 

Z and RotY around the femur; 3) on the tibia distal head Remote Displacement which 

allows RotY is applied as shown in Fig. 36.  

 

Figure 36. Boundary conditions applied for the numerical simulation [46]. 

Sun et al. (2016) [13] have applied the FEA to analyse the CF and their locations on the 

tibial plateau of an obese child with VD and a healthy child. The femur-tibia angle of 
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the left valgus knee from the obese child was 13°. From the CT image, the 3D FE model 

of the valgus knee was constructed, while the normal knee model was constructed 

using MR images. After the identification and segmentation of the bones and soft 

tissues in MIMICS v16.0, the 3D models were then assembled and meshed into 3D 4-

node tetrahedral elements using ABAQUS v6.13-4. All materials were assumed 

isotropic, homogeneous, and linearly elastic to analyse contact stresses. The material 

properties used in this study have been listed in Table 4. 

Table 4. Material properties of Sun et al. study [13]. 

Material Young modulus (MPa) Poisson’s ratio 

Femur 17.000 0.3 

Tibia 12.200 0.3 

Fibula 15.500 0.24 

Patella 

Cartilage 

15.000 

5 

0.3 

0.46 

Meniscus 

Ligament 

59 

6 

0.49 

0.4 

 

Frictionless contacts with finite sliding were established between femoral cartilage 

with tibia cartilage and femoral cartilage with the meniscus. The other contacts were 

applied as tied contacts. Then the boundary conditions were set: the proximal end of 

the femur was fixed, and the tibia and fibula bear the load of Ry2 (Fig. 37). 

  

Figure 37. (a) Finite element model of knee valgus child’s left knee [13].  
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Then, the nephrograms of Von-Mises stresses and contact stresses of the valgus 

knee were obtained as is shown in Fig. 38. 

  

Figure 38.  For the valgus knee model: a) nephograms of Von-Mises stresses; in b) nephograms of 

contact stresses [13].  

3.3 FEA 3D knee model with ligament assumption 

The complexity to elaborate the 3D knee model with several components integrated 

has led the researchers to find a way to make some simplifications reducing the 

computational time. To reach this goal, the ligaments components have started to be 

modelled in different configurations (1D, 2D, and 3D). Halonen et al. (2016) [47]have 

applied the assumption of ligaments as spring (Figure 46) in their study to simulate 

the effect of ACL rupture and reconstruction techniques on the knee joint motion as 

well as strains and stresses in the tibial cartilage during the stance phase of gait. 

Specifically, the ligaments have been assumed to be in tension at their normal length 

and thus a pre-strain of 5% has been applied to ACL and PCL and 4% to the LCL and 

MCL. These pre-strains have been implemented in Abaqus using the nonlinear spring 

response command. The values used during the simulation have been reported in 

Table 5. 
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Table 5. Material properties of the components modelled as spring in Halonen et al. work [47]. 

Material Stiffness (N/mm) 

ACL 201 

PCL 258 

MCL 114 

LCL 134 

QT 

PT 

475 

545 

 

The lateral patellofemoral ligament (LPFL) and medial patellofemoral ligament 

(MPFL) respectively were defined as linearly elastic elements with no compressive 

stiffness. Then the finite element model has been shown in Fig. 39. 

 

Figure 39. Sagittal view of the finite element model [47]. 

FEA has been also used to determine the magnitude and location of contact forces on 

the tibial plateau during gait patterns which have been recognized as a marker for risk 

of OA. Orozco et al. (2018) [48] have investigated the effect of five different constitutive 

representations of ligaments (spring, elastic, hyperelastic, porohyperelastic, and fibril-

reinforced porohyperelastic (FRPHE)) on knee joints during the stance phase. Starting 

from a previously developed finite element model, they have segmented PT and QT, 

and ligaments (ACL, PCL, MCL, LCL, MPFL, and LPFL) as it is shown in Fig. 40. 
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Figure 40. Posterior-lateral view of the three-dimensional finite element model of the knee [48]. 

Till today, biomechanical engineering works have explained several clinical disorders, 

but unfortunately, OA is one disease that continues to be not fully investigated. 

Indeed, although the finite element studies have improved the understanding of the 

knee joint structure, these computational models have not contributed to enhancing 

the treatment of knee conditions, e.g., in the case of knee OA, the biomechanics of 

which is still one of the unanswered research fields. In 2019, Abidin et al. [14] have 

published a work in which the FEA has been applied to analyse human knee joints. 

Starting from CT data of a healthy male, the bones have been reconstructed using 

Mimics (software version 10.01, Materialise, Leuven, Belgium). After, finite element 

models of bones and cartilages were then imported into 3-Matic for mesh editing. Two 

different degrees of knee flexion which are at 0° and 30° of flexion have been applied 

in this study. Then, the geometrical and mechanical properties have been assigned to 

the finite element model into MSC. Marc Mentat. The ligaments have been modelled 

as four ligaments at the knee joint. The stiffness coefficient (K) value of each ligament 

has been ranged from 20 to 75 N/mm. To make full knee extension, some compression 

loads from 100 to 1000 N have been applied axially on the femur. Meanwhile, 35 N of 

compression load has been assigned for the knee joint model with different knee 

flexion as reported in Fig. 41. 
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Figure 41. FEM of knee joint considering boundary conditions of 35 N compression load and fixed 

displacement at two different knee flexions; (a) flexion of 0°, (b) flexion of 30° [14]. 

From the FEA, the contour plot of peak Von Mises Stresses of articular cartilages of 

knee joint has been carried out in Figure 42 and they have been compared with 

previous literature work (Fig. 42). 

 

Figure 42.  Comparison of peak VMS between Wang et al. study and the Abidin et al. one [14]. 

As it has just been reported, many studies have focused on the application of FEA 

to investigate the Von Mises stress and strain parameters in the knee joint and in the 

knee TKA prosthesis; however, no works about how these parameters are distributed 

in the case of VD during an extension knee and then in the prosthetic knee implants. 



 

 
52 

3.4  FEA model to analyse the patellofemoral joint 

The FEA has also found wide application in the study of patella instability. Watson 

et al. [49] have applied the FEA to examine patellofemoral biomechanics and 

patellofemoral contact pressures before and after MPF ligament reconstruction in the 

setting of patella Alta and Baja and concomitant also analysing the effects of the MPF 

ligament insertion site.  A previously validated patellofemoral finite element model 

was modified to apply the specifications of the study. Bones have been modelled as 

rigid structures while the cartilage, patellar tendon (PT) and quadriceps tendon (QT), 

MPF ligament, and the medial patellotibial ligament (MPTL) have been modelled 

using 8-noded hexahedral elements. The cartilage was considered as a linear elastic 

material, the tendon and ligaments were modelled as hyperelastic. Four different 

patella heights have been accounted for by translating the “normal” model of the 

patella. The Caton-Deschamps Index ratio was 1.036 for “normal” patella, 1.2 for 

patella Alta, and 0.8 for patella Baja (Fig. 43). 

  

Figure 43. Patella baja (Caton-Deschamps 0.8), “normal” (Caton-Deschamps 1.0), and patella alta 

(Caton-Deschamps 1.2 and 1.4) finite element models [49].  

In addition, each patella height model has been also modified to study multiple 

MPFL reconstruction insertion sites. For each patellar height and MPFL insertion site, 

the knee has been placed at 30° of flexion with the femur fixed in all directions. The 

tibia was free to translate and rotate around the anterior-posterior axis (z-axis) and the 

patella has been set free to rotate and displace in all directions. A load of 178 N has 
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been applied to the quadriceps and a lateral displacement of 10 mm for the patella 

was obtained. The analyses were then completed in Abaqus/Standard (Version 6.12-

1; Dassault Systèmes Simulia, Providence, RI). 

Woiczinski et al. [38]have used a fixed bearing CR TKA design to compare 

differences between the kinematics and load transfer in the same knee with axial 

internal/external rotation of the femoral component (CoRo) versus a separate 

trochlear groove rotation (TrRo). The FEA has been conducted in Ansys V14 software. 

The starting point of the FEA was a geometric 3D model of the lower extremity of a 

healthy person. For all the simulation models, a fixed-bearing CR TKA prosthesis was 

virtually implanted under the control of an experienced orthopaedic surgeon. The 

ligaments were modelled as linear spring elements; the femur, tibia, patella, and 

femoral components were rigid bodies while the inlay and patella cartilage were 

deformable bodies. The material’s properties have been listed in Table 6. 

Table 6. Material properties of each componentable [38]. 

Material Young’s modus Poisson’s ratio Density (g/cm3 

Femoral component 217.000 0.3 8.04 

Inlay 312.5 0.46 0.93 

Patella cartilage 5.0 0.46 1.00 

 

The patellofemoral and tibiofemoral contacts were simulated with friction 

coefficients of 0.02 and 0.05. A coordinate system was established in full extension at 

the distal tibia with Z-axis pointing to the femoral head, X-axis aligned parallel to the 

mediolateral transepicondylar axis of the femur. The knee was free to move in all 

DOFs. A knee squat modelled flexion of up to 105° within 60 load steps. For every 

single load step, a ground reaction force was between 50 and 55 N. Then, the 

modifications of the axial femoral component rotation (CoRo) and the designed 

trochlear rotation (TrRo) have been implemented in Catia V5R19 software and have 

been tested in the FEA knee model. 
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Different axial internal/external rotation angles of 3° internal, 3° external, and 6° 

external rotation have been simulated as shown in (Fig. 44).   

 

Figure 44. (A)Trochlear groove rotation within the femoral component design;  

(B)Axial femoral component [38]. 

The kinematics of the patella has been analysed (Fig. 45). Then, it has been 

demonstrated that an external trochlear groove rotation in TKA design can reduce the 

patellofemoral stress avoiding anterior knee pain. 

 

Figure 45. Patellar kinematic changes caused by the trochlear rotation [38]. 

Even though the previous works have largely applied the FEA in the field of 

prosthesis, some aspects remain unknown. Thus, the present work aims to apply the 

FEA in the case of valgus knee misalignment to assess the pitfalls of the TKA. 
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4 Materials and methods 

In this section, it will be presented the workflow of the present study divided in 

three parts. The first part has regarded the acquisition of knee bone geometries and 

prosthetic components. In the second part have been reported all the steps to 

reconstruct the valgus knee model and then to simulate the TKA procedure.  In the 

last part, the planning of the FEA has been introduced and then the simulation has 

been performed. All the steps have been simplified in Fig. 46. 

 

Figure 46. Workflow of the present study. 

4.1 Geometry acquisition 

In this work, a list of the patients who have undergone TKA procedures in Ospedale 

Riuniti Ancona, from 2017 to 2021 was consulted. Among the patients, the CT scans of 

the knee with VD were considered to make clinical observations about the pathology. 

Specifically, two medical CT images of a female subject (age=88 years) and a male 

subject (age=80 years) affected by primary OA have been included. In both cases, on 

the left knee, it was already implanted a Hinged prosthesis on the female subject and 

a CR prosthesis on the male one respectively, as is shown in Fig. 47. 



 

 
56 

 

Figure 47. a) Hinged prosthesis implanted on the female patient; b) CR prosthesis implanted on the 

male patient. 

The CT data were imported into an image processing software for 3D design and 

modelling. The thresholding procedure was used to segment the DICOM files defining 

three masks: femur, tibia, and patella (Fig. 48). In this case, a predefined threshold set 

(bone) with a range of intensity between 226 HU (minimum value) and 3071 HU 

(maximum value) was selected as it is illustrated in Figure 48. Then, a 3D model of the 

bones structure was constructed as shown in Fig. 49. 

 

Figure 48. Thresholding procedure in Mimics Medical 21.0. 
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Figure 49. Bones reconstruction after mask creation: a)male subject; b) female subject.  

A total compartmental prosthesis called GKS Prime Flex CR prosthesis (Permedica) 

has been chosen. This prosthesis implant was composed of three components: the 

femoral component made of chromium-cobalt alloy, the tibial component made of 

titanium alloy, and the insert made of UHMWPE. The geometries of each prosthetic 

component have been scanned in the laboratory using a Go!Scan, a very powerful tool 

characterized by an high accuracy and level of details. Once the scanning was 

completed, post-processing was made to improve the quality of the imported 

components (Fig. 50- Fig.51).  

 

Figure 50. Pre-scanning of the TKA components: a) femoral component; b)insert; c) tibial component. 
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Figure 51. Post-scanning of the TKA components: a) femoral component; b) insert; c)tibial plate. 

4.2 Model reconstruction 

The second phase of this work was the model reconstruction of the knee joint. After 

applying the thresholding procedure, it was not possible to achieve a completely 

reconstruction of the knee bones and soft tissue. Thus, these models have been used to 

study the VD and the anatomy of the knee joint, but the starting point to construct the 

final knee model has been a predefined standardized knee geometry designed on 

CINEMA 4D 18 software. This model is characterized by 10,000 polygons, 1,000,000 

vertices and it is in the flexion position (Fig. 52). 

 

Figure 52. Standardized knee geometry in Cinema 4D 18 software. 
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Specifically, the model is composed of the following structures: femur, tibia, patella, 

fibula, femoral cartilage, medial and lateral menisci, QT, PT, MCL, LCL, PFL, LPFL 

and MPFL. This standard model was imported in Rhinoceros 3D software to modify 

the geometries of some components in order to obtain a valgus knee in the extended 

position. Considering closed chain kinematics, the tibia has been considered fixed 

while starting from the initial position (flexed knee), the femur, the patella, femoral 

cartilage, LPFL and MPFL have been rotated of 60° to obtain an extended knee 

position. Firstly, a rotation of 60° was made for the femur, patella, femoral cartilage, 

LPFL, and MPFL to pass from flexed knee to the extended one. Consequently, the 

MCL, PFL, tendons, and menisci were remodeled under the examination of an 

experienced orthopedic surgeon. The tibia was scaled so that a gap between menisci 

and femoral cartilage was removed. Since the simulations are performed with the leg 

in full extension, the fibula and LCL have been not taken into consideration for this 

analysis (Fig. 53). Additionally, after the rotation has been performed, the calculation 

of the femoral-tibial angle has revealed a valgus angle of 20.1°. 

 

Figure 53. Extended knee with VD obtained in Rhinoceros 3D software: a)lateral side; b)medial side. 
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Then, the ACL and PCL have been created starting from the PFL shape. The ACL was 

placed on the medial part of the external horn of the meniscus until the medial condyle 

while, PCL was placed on the posterior part of the tibia until the lateral face of the 

lateral condyle (Fig. 54). 

 

Figure 54. ACL and PCL constructed in Rhinoceros 3D software 

A fitting tool was used to convert the mesh to a NURBS surface using a reverse 

engineering processing software. Thus, the final surface was a NURBS surface solid 

model, which is exported in IGES format. Finally, a 3D geometric entity model of the 

valgus knee joint in extension position was constructed and it has composed of femur, 

tibia, patella, surface cartilage, medial meniscus, lateral meniscus, ACL, PCL, MCL, 

LCL, MPFL, LPFL, and PFL created in Rhinoceros 3D software. The preoperative 

standard model has been again imported in Rhinoceros 3D software to make some 

changes before the implantation of TKA components. Firstly, the patella has been 

brought close to the femur. Then, the femoral cartilage and menisci have been removed 

to simulate the TKA procedure. According to the planning of the TKA procedure, the 

resections of the femur and tibia have been made using NX SIEMENS software. 

Specifically, the tibial tray has been resected by fixing a plane tangent to the superior 

surface of the tibial insert and offsetting it along the Z-axis of -3 mm (dimension of 

tibial insert thickness). This plane has been used to cut the tibia and to obtain the 

resection (Fig. 55). The same procedure was used for the femoral component. 
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Figure 55. Tibial resections: a) top view; b) frontal view; c) sagittal view. 

Once the resections have been created, the prosthesis implants have been 

implanted: the femoral component has been placed in contact with the femur to 

substitute the damaged femoral cartilage; the tibial tray has been inserted in the tibial 

resections to substitute the menisci and the insert has been arranged over the tibial 

tray. Finally, the postoperative geometric knee model has been created and exported 

in the .stl file. 

4.3 Finite element analysis 

The next step of the present study was a static structural FEA developed in Ansys 

Workbench 2021 R2. The 3D knee model was imported in Ansys Design Modeler to 

generate the fourteen solid bodies measured in mm. The materials have been defined 

as isotropic, homogeneous, and linearly elastic according to [13]. The elastic Young 

modulus and Poisson’s ratio for each knee component have been listed in Table 8.  

Table 8. Material properties used in the present study according to [13] and [50]. 

Material Young’s modulus (MPa) Poisson’s ratio 

Femur 17.000 0.3 

Tibia 12.200 0.3 

Patella 

Femoral component 

15.000 

210.000 

0.3 

0.3 

Insert 

Tibial tray 

685 

117.000 

0.4 

0.3 
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Three bonded contacts have been defined between femoral component and femur; 

tibial plate and tibia; tibial plate and insert allowing no sliding and no separations 

between the target and the contact. Non-linearity was done by the existence of 

nonlinear contacts. All the contacts have been shown in Fig. 56. 

 

Figure 56.Bonded contacts defined during the simulation: a) between tibial plate and insert; b) 

between femur and femoral component; c) between tibia and tibial plate; frictional contacts: d) 

between femoral component and insert; frictionless contact: e) between patella and femoral 

component. 

Specifically, frictional surface-to-surface contact has been applied between the femoral 

component and insert with a frictional coefficient of 0.2 and a Normal Lagrange 

calculation algorithm was chosen. Frictionless surface-to-surface contact has been set 

between the femoral component and patella using Augmented Lagrange. A setting 

called “Normal Stiffness Factor” (NSF) analysis, a normal multiplication factor used to 

control the amount of penetration between contact and target surfaces, has been 

introduced. Usually, higher normal stiffness values decrease the amount of 

penetration but can lead to convergence difficulties. On the contrary, lower normal 

stiffness values can provoke a certain amount of penetration and produce an 

inaccurate solution. Thus, after some attempts, the normal stiffness factor has been 

chosen equals to 0.0001. For a more efficient mathematical representation of the contact 
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areas, the option “Pinball Region” with a different radius according to the contact 

status tool was used to close the geometrical gaps. Two local references system have 

been inserted, one for the femur component and the second one for the patella 

following the conventions presented in [51]. Considering the large number of nodes 

and elements but, also the presence of nonlinear contacts, for solving the analysis it 

has been implemented a “smaller steps” system using the Auto Time Stepping. Due 

to the complexity of knee ligaments consisting of elastic bands of soft tissues, a wide 

range of element types and material models have been found in literature to easily 

represent their biomechanics [52]. Among them, the line elements such as springs have 

been considered to facilitate the representation of the knee ligaments. Specifically, they 

have been assumed as longitudinal only tension springs without pre-strains with the 

corresponding stiffness: 475 N/mm for QT; 545 N/mm for PT [48]. while 16 N/mm 

for MPFL; 12 N/mm for LPFL according [53]. Specifically, the spring of PT was 

oriented from attachment points on the distal patella to the tibial tuberosity; the QT 

spring was placed from the superior extremity of the femur to the top surface of the 

patella; while the MPFL and LPFL springs were attached from the medial/lateral facet 

of patella to the medial/lateral femoral condyles, respectively as shown in Fig. 57.  

 

Figure 57. Spring elements used to model knee ligaments. 
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 In order to replicate the flexion movement, three different boundary conditions have 

been selected. Firstly, the tibia has been fixed at its distal end to avoid any movements; 

secondly, a remote displacement has been applied to the femur head to constrain the 

rotation along the flexion-extension axis (x-axis) while the other rotations and 

traslations have been setted as free. By choosing two nodes along the medial and 

lateral femoral condyles, the nodal displacement has been inserted to offset the 

displacement along x, y and z directions. In particular, for this examination only the 

rotation knee mechanism has been considered while any translation has been 

neglected.  The three boundary conditions have been shown in Fig. 58. 

 

Figure 58. Boundary conditions. 

Once contacts and boundary conditions have been defined, the mesh analysis was 

conducted by choosing the most suitable mesh element for the current study. The use 

of smaller elements allows achieving a more accurate discretization, fitting better the 

original shape, and improving the accuracy of the outputs. Unfortunately, the rise of 

the number of nodes and consequently the number of equations, also increases the 

computational time.  
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Therefore, a trade-off between computational time and accuracy has been 

considered. In this case, the geometries have been all meshed with linear tetrahedral 

elements as is shown in Fig. 59.  

 

Figure 59. Mesh. 

  The total number of nodes and elements for each knee components have been 

listed in Table 7. 

 

Table 7. Nodes and elements of the 3D TKA model. 

 

Structure Nodes Elements 

Femur 16474 9401 

Tibia 14873 8674 

Patella 

Femoral component 

3478 

9183 

1896 

4789 

Insert 

Tibial tray 

7118 

12476 

6770 

6770 
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5 Results 

This chapter reports all the results achieved during the static structural analysis. It 

has been analysed the patella kinematics, the contact pressure between femoral 

component and patella, and finally the von Mises stresses of the insert.  

5.1 Patella kinematics 

The first qualitative assessment of patella kinematics has been obtained by 

considering its volume during three different time steps of the simulation as is shown 

in Fig.60-Fig.61.  

 

Figure 60. Frontal view of patella at three time steps of simulation at 38° of femur knee flexion. 

 

Figure 61. Sagittal view of patella at three time steps of simulation at 38° of femur knee flexion. 



 

 
67 

Now, in the following figures (Fig. 62- Fig. 63-Fig.64) it is possible to appreciate the 

displacements of the patella during the flexion femur movement along the three axes 

(anterior-posterior, medio-lateral and vertical axes).  

 

Figure 62. Patella translations along the anterior-posterior axis.  

 

Figure 63. Patella translation along the medio-lateral axis. 

 

Figure 64. Patella translation along the vertical axis. 

At the same way, the patella rotation movements have been assessed and reported 

in the following figures: Fig. 65-Fig.66-Fig.67. 
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Figure 65. Patella rotation along the anterior-posterior axis. 

 

Figure 66. Patella rotations along the medio-lateral axis. 

 

Figure 67. Patella rotations along the vertical axis. 

5.2 Patellofemoral contact pressure 

 The contact pressure between the patella and femoral component have been 

computed at three flexion angles. At 15° of knee flexion, the contact pressure is 0 MPa. 

At 38° (maximum flexion angle reached by the femur) of knee flexion, the maximum 

contact pressures was 1.24 MPa. The representative patellofemoral joint contact 

pressure profiles are shown in Fig. 68-Fig.69. 
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Figure 68. Patellofemoral joint contact pressure at 15° of knee flexion. 

 

Figure 69. Patellofemoral joint contact pressure at 38° of flexion. 

Additionally, from the number of contacting plot it has been assessed the time 

instant of simulation in which the first contact between the patella and the femoral 

component has occurred as illustrated in Fig. 70. 
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Figure 70. Number contacting plot. The blue circle indicates the exact time step instant of simulation at 

which the first contact between patella and femoral component has occured. 

Then, using a flexion rotation probe it has measured the femur rotation at this time 

and it was 24.86°. 

5.3 Von Mises stresses of insert 

Similarly, to the contact pressure, the von Mises stresses have been computed for 

the same flexion angles. The maximum value of the von mises stress were 0.84 MPa, 

and 1100 MPa at 15° and 38° of knee flexion, respectively. The nephograms of von-

Mises stresses are shown in the Fig. 71-Fig.72. 

  

Figure 71. Nephograms of von-Mises stress at 15° of flexion.  
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Figure 72. Nephograms of von-Mises stress at 38° of flexion. 
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6 Discussion  

Total knee arthroplasty (TKA) is one of the most consistently successful surgeries 

performed in orthopedics. Despite this, patient-reported outcomes have shown 

dissatisfaction after the surgical procedure dramatically affecting their quality of life 

[54]. Among the patient’s complaints, the anterior knee pain provoked by abnormal 

patellar tracking is the most frequent cause of revision rate. The complications of TKA 

have long fascinated the community proposing several works with FEA application. 

Although, FEA has been frequently applied to assess the field of prosthetic implants, 

until now there are not found studies focused on the dynamics of the postoperative 

knee joint in presence of valgus misalignment. Furthermore, it has been reported how 

the complexity of patellar geometry and its movements, makes it difficult to measure 

in vivo patellar tracking [54]. Thus, the present work aimed to develop a virtual knee 

model to investigate the patellar tracking in presence of VD after the TKA procedure. 

The results obtained from the FEA are encouraged. Firstly, the patella kinematics has 

been assessed by considering the volume occupied by the patella during the flexion 

movement. From Fig. 60-Fig. 61 it is possible to appreciate that at 0% of simulation, the 

patella was not in contact with the femoral trochlea while at 50% of simulation a first 

rubbing between them has occurred. At the end of simulation when the femur was 

flexed almost 38°, a bigger surfaces area of the patella was in contact with femoral 

trochlea. These findings have been consistent with the Fig. 62-Fig.63-Fig.64 in which 

have been shown the patella translations along the three axes. Specifically, it can be 

noted as before 0.5% of simulation, the trend in all the three axes has assumed a small 

variation, while when the first contact between patella and femoral component has 

been reached, the trend became sharper. In addition, as the flexion femur angle 

increased, the translation of the patella also has undergone more prominent changes. 

Along the anterior-posterior axis, the patella has translated from -1.4149 mm to 3.2097 

mm; along the medio-lateral axis from -17.788 mm to 0.2741 mm; along vertical axis 

from -4.8961 mm to 8.4376 mm. 
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From Fig.65-Fig.66-Fig.67 it is possible to note the patella rotations. As previously 

described for the patella translations, also in this case firstly the trend was smooth and 

then after the first contact between patella and femoral component, the patella has 

assumed a more irregular trend with higher peaks. More in detail, it has reached a 

range between -13.03° and 7.65° around the anterior-posterior axis; a range between -

23.23° to 25.34° around the medio-lateral axis and -0.75° to 11.50° around the vertical 

axis. Thus, from these plots it has been demonstrated that the patella movement 

changes with the change of flexion angle. In the second section, it has been inserted 

the results regarding the contact pressure between the femoral component and patella. 

It has been pointed out from Fig.68-Fig.69, that the increase of contact pressure 

depends on the flexion angle. Indeed, the contact pressure measured at 38° (1.2 MPa) 

of flexion was higher than the ones measured at 15° (0 MPa). Moreover, it has been 

confirmed that at the maximum flexion angle reached by this model (38°), the patella 

was in contact with the femoral component since the contact pressure was high. 

Probably, the high values of contact pressure may be due to the high stiffness value of 

the ligaments. Starting from these observations, it has also been investigated the femur 

flexion angle at which the first contact has been presented. From the flexion rotation 

probe used in Ansys, it has been obtained an angle of 23°. This is faithful to the 

literature according to which the patella touches the femoral component at almost 20° 

of flexion [24]. Farrokhi et al. have demonstrated a similar result considering the 

contact between femoral cartilage and patellar one in the case of patients with 

patellofemoral pain[55]. The analysis of von Mises stresses on the insert has revealed 

an abnormal distribution between the lateral and medial plateau at all flexion angles. 

Sun et al. [13] have obtained similar results comparing the von Mises stresses in the 

healthy knee and valgus one. They have highlighted greater lateral stress in the valgus 

knee with respect to the healthy one. Even if, some of the obtained findings cannot be 

validated with other works, they could be used to compare the future simulations. 

From the reported results it can be inferred that the finite element model employed in 

this work can study the dynamics of the postoperative valgus knee. The patterns of 

the patella trajectory may help to understand if the use of CR prosthesis under this 
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clinical scenario, could offer stability and must be preferred with respect to other 

prostheses. Specifically, from the patella’s displacements, it can be noted an irregular 

trend after the first contact between the femoral component and patella could induce 

instability. By combining this finding with the information regarding the flexion femur 

angle at the first contact, it could prospect if some CR femoral component 

modifications could ensure a smoother patella’s tracking. Furthermore, the higher 

contact pressure which gradually increases with the flexion angles can be conceived 

as a major risk for the patients in case of more accentuated movements. The 

nephograms of von Mises stresses indicate higher stress distributed along the lateral 

side suggesting that the valgus knee could be the reason for abnormal knee load 

distribution. In summary, the present work has reached the goal: the FEA has been 

applied in case of VD, the patella kinematics has been studied and the obtained results 

could be compared with other examinations. In conclusion, the present work could be 

the starting point of further investigation aimed to improve the TKA outcomes 

reducing the risk of anterior knee pain for the patient.  
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7 Conclusion 

This thesis presents a finite element model to give researchers and orthopedics a 

better understanding of the dynamics of the valgus knee after the TKA procedure. 

Indeed, the preoperative 3D CAD valgus knee model offers the possibility to 

practically understand the bones and ligaments remodelling in presence of OA 

phenomenon. The postoperative model is useful to explain how the TKA procedure is 

performed during surgery. Differently from the previously mentioned works, the FEA 

has been applied to study the patellofemoral joint in correlation with VD and which 

could be the possible complications of CR-TKA design. The proposed FEA model 

presents some limitations. Firstly, the design choice of spring elements to model 

tendons and ligaments offers from the one hand, the possibility to speed up the 

computational time of the convergence analysis, but on the other hand makes the 

biomechanical function of ligaments less realistic. Secondly, the femur has not 

achieved all the flexion movement during the simulation. These drawbacks could be 

easily resolved by considering 3D ligaments and other materials i.e., hyperelastic 

materials. In conclusion, this FEA model is revealed as a suitable tool for the purpose, 

obtaining heartening results. This may be a step toward new research aimed at the 

development of TKA designs able to reduce the patient’s dissatisfaction. 
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