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Abstract  

Introduction 

Restoration of the functional anatomy of the knee is one of the most important 

challenge today. 

The factors that ensure long-term survival and improving function of the replaced knee 

are alignment, soft tissue balancing and restoration of the joint. 

It is essential thus study the anatomy, the biomechanics and the forces transmitted 

across the articulating surfaces, in order to achieve long-term TKA survival. 

Rotating hinge (RH) knee prosthesis is a common solution used for revision procedure. 

Nevertheless, it is also used in complex primary surgery as an alternative of primary total 

knee arthroplasty. One of the most used RH implants is the Endo-Model rotating Hinged 

Knee Prosthesis, which enable knee flexion-extension and intra-extra rotation. The 

design of this prosthesis consists of a femoral and a tibial component, which are rigidly 

constrained, and a polyethylene insert placed between these two elements, which 

prevent luxation without reducing the range of motion. This kind of prosthesis thus is a 

highly constrained device able to provide the stability needed for arthroplasty in 

complex situations. It is therefore optimal to deal with such problems of large 

ligamentous instability, severe bone substance loss, and distal femoral or proximal tibial 

defects resulting from injury or tumour, severe Varus or valgus deformity. Deviation 

from neutral alignment could alter mediolateral force distribution, which could cause 

overloads the bone-implant interface as well as to the bone itself. To date, the use of 

Endo-Model rotating-hinge is mainly based on surgeon experience and this could 

represent an important bias for the use of this device and the associated clinical 

outcomes. This study thus intends to help clinicians and specialists to make a proper 

decision during surgery about the length and type of stems when a Varus-valgus 

deformity is present. Due to the impossibility to predict the deficiencies of the bone, it 

is possible to choose among different lengths of stem and type of fixation, cemented or 

cementless. Therefore, a biomechanical study is conducted in order to evaluate the 

performance of Hinged Knee Endo-Model prosthesis in patients with severe Valgus and 

Varus deformity.  
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Materials and Methods 

3D femur bone model was obtained from Computer Tomography images. While, the 

design of right side, size medium of Endo-Model prosthesis was reconstructed using 

industrial CAD designs. A Total of 243 configurations were developed and analyzed in 

this study. To compute the distribution of mediolateral forces, a simplify mathematical 

model was used. From the equilibrium of forces and moments in the frontal plane, the 

medial and lateral forces were derived. A simplify 3D model of femur bone was 

developed with the use of software Abaqus to obtain the percentage of force 

distribution in medial and lateral region of tibial component. Starting from physiological 

configuration, static simulations were performed to analyse the stress distribution on 

implant components for different Varus and Valgus alignments (5°, 10°, 20° and 30°) at 

0°, 5° and 90° of flexion. Three stem lengths (50, 120 and 160 mm) of femoral 

component and two types of fixation (cemented or cementless) were examined both for 

physiological and osteoporotic bone. Each configuration underwent was loaded with a 

constant axial force of 1000N applied on the proximal tibia and the proximal part of the 

femur was constrained. A Finite Element Analysis was used in order to obtain the 

average von Mises stress and the contact pressure and area both for polyethylene and 

bushing components.  

The materials properties of the implant and bone were chosen based on literature 

research.  

 

Results and Conclusions 

For all the stem lengths, when the knee has a Varus or Valgus configuration, it will cause 

an increase of stress on polyethylene component compared to the aligned 

configuration. The tibiofemoral force at the medial side increased in Varus 

configurations; accordingly, the stress on lateral side was higher for Valgus 

configurations. The trend of mediolateral force for 50 and 160 mm cementless stem was 

similar. In particular, the percentage of force increased sharply after 10° of Varus and 

Valgus alignment, with values of 100% of total force in medial and lateral region. While, 

the model with 120 mm cementless stem showed a roughly linear trend between -10° 
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and 10° of Valgus and Varus alignment. Moreover, the values obtained from this model 

demonstrated a better distribution of force on each side for severe Varus and Valgus 

alignment at 5° and 90° of flexion, which could mean more stability of the implant. 

Therefore, 120 cementless stem is a good compromise between 50 and 160 cementless 

stems. Similar results were found for cemented and osteoporotic models.  
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1. Introduction  

Restoration of the functional anatomy of the knee is one of the most important 

challenge today. The factors that ensure long-term survival and improving function of 

the replaced knee are alignment, soft tissue balancing and restoration of the joint. 

This articulation allows a complex set of movements, as a result, the knee joint is difficult 

to analyze and study. Nevertheless, the main goal of total knee replacement (TKR) is to 

restore painless movements of the knee joint.  

The alignment in total knee arthroplasty (TKA) is an important factor to prevent early 

implant failure. Incorrect alignment may lead to early aseptic loosening, polyethylene 

wear, patellofemoral maltracking, instability and infection. [1] 

Deviation from optimal alignment could increase bone and implant stress, overload the 

tibial component in medial or lateral compartment and increase the contact forces. [2] 

It is essential thus study the anatomy, the biomechanics and the forces transmitted 

across the articulating surfaces, in order to achieve long-term TKA survival. For instance, 

in specific cases the use of a rotating hinge knee prosthesis is an alternative in TKA.  

 

1.1  Anatomy of the knee joint 

The main parts of the knee joint are bones, ligaments, tendons, cartilages and a joint 

capsule. 

The knee joint is the largest and one of the most complex joints in the human body. The 

knee consists of two joints: the femorotibial joint and the patellofemoral joint (Fig1). [3]  

The femorotibial joint articulates the femur and tibial bone. It is composed of two 

condyloid articulations. The medial and lateral femoral condyles articulate with the 

corresponding tibial plateaus. This joint is the biggest of the human body and allows the 

relative movement between the femur and tibial bone. It is the weight-bearing joint of 

the knee. 
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The patellofemoral joint articulates the femur and the patella. This joint is important to 

knee stability mostly through its role in the extensor mechanism.  [3] 

The distal end of the femur has a medial and a lateral condyle, each of which has a 

distinct shape that corresponds to the shape of the tibial plateau (Fig. 2). Instead, the 

proximal end of the tibia has a plateau with medial and lateral sections divided by the 

tibial spine (Fig. 3). 

The proximal tibia is separated by the intercondylar eminence into an oval, concave 

medial plateau, and a circular, convex lateral plateau. The medial and lateral 

compartments are asymmetrical. [3] 

                                          

     Figure 1, articulations of the knee joint. Distal view of the femur and proximal view of the tibia 

       

 

 

 

 

 

 

 

Figure 3, Distal view of femur bone Figure 2, Proximal view of tibia bone   
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1.2  Bones 

Four bones make up the knee: femur, tibia, patella and fibula (Fig. 4).  

 

 

 

 

 

 

 

 

Figure 4, bones of the knee 

 

Femur  

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

the head of the femur, which articulate with the acetabulum in the pelvic bone forming 

the hip joint. Whereas, the distal end forms a double condyle that articulates with the 

tibia and patella forming the knee joint. The tibia articulates with the distal lateral and 

medial femoral condyles. The patella articulates anteriorly to the femoral condyles in 

the region of the intercondylar fossa.  

Tibia  

The proximal end of the tibia bone consists of medial and lateral condyles, an 

intercondylar area, and the tibial tuberosity that articulates with the medial and lateral 

condyles of the femur. Distally, the tibia articulates with the ankle. The distal and 

proximal ends of the tibia articulate with the fibula.  
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Fibula 

The fibula is 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. [10] 

Patella 

The patella is a flat sesamoid bone that articulates with the femur posteriorly. Its 

function is to protect the anterior surface of the knee joint. [11] 

 

1.3  Soft tissues: Ligaments, tendons and muscles  

1.3.1 Ligaments  

The ligaments connect the bones providing knee stability and preventing undesired 

motions. The ligaments of the knee joint can be divided into extracapsular and 

intraarticular ligaments.  The main ligaments in the knee are medial collateral ligament 

(MCL), lateral collateral ligament (LCL), anterior cruciate ligament (ACL), posterior 

cruciate ligament (PCL) (fig 5). 

The MCL is composed of a superficial and a deep part. 

The superficial MCL originates on the medial epicondyle of the femur and runs 

downward approximately 11 cm to its tibial insertion. [3] The deep part of MCL has the 

same origin of superficial portion but it inserts on the medial meniscus and the proximal 

medial tibia plateau. 

The main function of the MCL is to restrain Valgus force and contain lateral and medial 

translation of the tibia. 
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The lateral collateral ligament (LCL) extends from the lateral epicondyle of the femur to 

the lateral fibular head. The different from MCL is that the LCL is separated from the 

lateral meniscus. The LCL is a primary restraint to Varus at all positions of flexion [3]. 

The collateral ligaments help to stabilise the knee joint in medial-lateral direction. 

The ACL arises from the medial side of the lateral femoral condyle and runs an oblique 

course through the intercondylar fossa distoanteromedial to the insertion at the medial 

tibial eminence. It prevents anterior dislocation of the tibia onto the femur [5]. 

The PCL originates from the lateral surface of the medial condyle and inserts onto the 

posterior aspect of the tibia. It prevents posterior dislocation of the tibia onto the femur 

[3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5, (A) Anterior view of the distal femur and the proximal tibia. (B) 
Posterior view of the distal femur and the proximal tibia. (C) Top view of the 
proximal tibia 
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1.3.2 Tendons  

The tendons connect muscles to bone. Their biomechanical function is to transmit forces 

from muscles to bone and modulate forces during knee activities. The two major 

tendons in the knee are quadriceps tendon and patellar tendon. 

 1.3.3  Muscles  

The main motion of the knee is flexion and extension. There are two main muscle groups 

involved in this kind of motions: the quadriceps and hamstrings. 

Femoral quadriceps control the extension of the knee. It is made up of four extensor 

muscles: vastus medialis and lateralis, rectus femoris and vastus intermedius (Fig.6). 

They are responsible of stabilizing the patella and the knee joint during gait. They also 

play a crucial role in walking, running, jumping and squatting.  

Flexion is caused by the hamstrings muscles, which include semitendinosus, 

semimembranosus and biceps femoris (fig.7). These muscles on the back of the thigh 

flex the knee and extend the hip. The hamstrings have the same role of the femoral 

quadriceps in daily activities such as walking, running, jumping and squatting. Especially 

during walking they play an important role as antagonist muscles to the quadriceps in 

the deceleration of knee extension [12]. 

 

Figure 6, Anterior view of quadriceps 
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Figure 7, Posterior view of hamstrings muscles 

 

1.4  Biomechanics of the knee joint 

The study of the kinematics, related to the human body, is important to evaluate the 

behaviour of the joints as motions of biologic system. 

The purpose of kinematics study is to understand the behaviour of normal joint for 

comparing the injured knee joint with a no injured ones and for evaluating the success 

of treatment protocols. With this knowledge can be decided the correct treatment and 

management of all knee lesions. 

For example, excessive knee motion in a certain direction during exam-ination may be 

an indication that a specific structure within the knee has been damaged [6]. 

Movement of knee joint can be described with six degrees of freedom: three 

translations and three rotations along three principle axes: the tibial shaft axis, the 

epicondylar axis, and the anteroposterior axis, which is perpendicular to the other axes. 

Translations along these axes are referred to as proximal-distal, medial-lateral, and 

anterior-posterior translation, respectively. Rotations about these axes are referred to 

as internal-external rotation, flexion-extension, and Varus-Valgus rotation, respectively 

[6]. 
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1.4.1 Movements 

The knee joint is the largest joint in the human body and allows a complex set of 

movements. 

Knee flexion-extension involves a combination of rolling and sliding called “femoral roll 

back” between femur and tibia. Starting from the full extension position, the condyle 

begins to roll without slither, and then the sliding becomes progressively predominant 

so at the end of the flexion there is only slipping of the condyle without rolling. 

Because of asymmetry between the lateral and medial femoral condyles, the rolling 

phase is then different between the condyles. In early flexion, 10°-15° of knee flexion 

are characterised by rolling of medial condyle, and then the rolling continues up to 20° 

of flexion with lateral condyle. The rolling movement translates the point of tibiofemoral 

contact posteriorly. The gliding movement takes place with flexion angle greater than 

20°, and in this configuration, there is a greater posterior translation of the lateral 

tibiofemoral contact point in relation to the medial contact point. 

During the flexion-extension movement, the intra-extra rotation is possible with 25-30 

degrees of rotation.  

Translations are in the order of the millimetre, 5-10 mm of anteroposterior translation 

and 1-2 mm of mediolateral translation. [8] 

1.4.2 Knee joint load  

The knee joint can be divided into three compartments, two tibiofemoral and one 

patellofemoral and the presence of menisci, which contribute significantly in the 

transfer of contact stresses from one articular surface to another [7]. 

The tibiofemoral joint is subject to forces due to combination of transmission of the 

body weight across the joint and the contraction of muscles around the knee. Forces 

transmitted across the articulating surfaces are determined by a combination of the 

alignment, movement and integrity of anatomical structure [8]. 
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The forces acting on the knee joint are (Fig. 8): 

 Axial force along the axis of the tibia. 

 The forces in the anterior-posterior and / or mediolateral direction resist (or 

induce) translations. 

 The torque around the mediolateral axis resists (or induces) flexion and 

extension. 

 The torque around the anteroposterior axis resists (or induces) adduction and 

abduction. 

 The torque around the tibial axis resists (or induces) medial or lateral rotation 

 

 

                                              Figure 8, forces and moments of the knee with six degrees of freedom 
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The knee joint has a primary role in all human activities as walking, squats, climbing stairs 

and sport activities. 

Biomechanical studies estimate that during a level walking the tibiofemoral contact 

forces are two to five times the body weight, while the patellofemoral ones are around 

half of the body weight.  

In a physiological knee the compressive force is resisted by the joint reaction force. 

Therefore, the stresses depend on the contact area. [9] 

1.4.3  Mechanical Alignment  

The knowledge of lower limb alignment is important to understand the parameters and 

limits of normal alignment. 

The axes considered are mechanical axis and anatomic axis (Fig 9). 

The mechanical axis of the lower limb originates from the centre of the femoral head to 

the centre of the ankle joint. Moreover, it is that along which the weight load is applied. 

The anatomical axis of the femur and the tibia is a straight line drawn along their 

intramedullary canals. 

The mechanical axis of the femur is not parallel to the vertical axis, which is a vertical 

line that extends distally from the centre of the pubic symphysis. This axis forms an angle 

of three degrees with the vertical line.  

The anatomical axis of the femur makes an angle of 5°-7° degrees with the mechanical 

axis in the frontal plane.  Consequently, the anatomic axis of the femur has an 

approximate 5°–7° of inclination difference than the vertical axis. While the anatomical 

and mechanical axis of the tibia corresponds to each other. [13] 
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Figure 9, mechanical and anatomical axis of the lower limb.  

Frontal plane tibiofemoral alignment can influence the distribution of tibiofemoral 

contact forces. Malalignment can lead to unphysiological mediolateral force 

distribution.  Varus and valgus deformities can be representative of knee misalignment 

(Fig 10). 

In details, genu Valgum is a knee misalignment that turns the knee inwards. In a valgus 

(knock-knee) knee, the axis passes lateral to knee center, increasing force across the 

lateral compartment. 

Genu Varum is a knee misalignment that turns the knee outwards. In a Varus (bow-leg) 

knee, this line passes medial to the centre of the knee, increasing force across the medial 

tibiofemoral compartment.  

Hence, the alignment of the femur and bone is a key determinant of load distribution, 

especially in terms of stability and function of the knee joint.  
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One of the most important prerequisites for a long-term TKA survival is the restoration 

of neutral mechanical alignment [2]. Malalignment could increase mediolateral force 

distribution, which causes overloads the bone-implant interface as well as the bone 

itself. Moreover, it may induce polyethylene wear, leading to osteolysis and loosening 

of the implant.  

 

 

                                           Figure 10, physiological knee (a), Valgus knee (b), Varus knee (c) 
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1.5  Knee diseases  

The knee is the largest joint in the body, for this reason, the risk of injuries and diseases 

is quite high. 

In physiological knee, all components are balance to each other. Nevertheless, disease 

or injury can lead to loss of this stability, resulting in pain, muscle weakness and reduced 

function. 

Knee problems are very common, and they occur in a large portion of people. They can 

interfere with daily activities and have a big impact with the quality of life. Treatment of 

knee problems depends on the causes and severity of the injury. In cases where 

preventive measures cannot be taken, surgical operation can restore the functionality 

of the knee joint. 

The most common reason of knee replacement surgery is osteoarthritis. It is a chronic 

degenerative disorder characterised by gradual loss of articular cartilage. Therefore, the 

thickness of the cartilage decreases until it disappears, causing damages in the joint. 

Osteoarthritis is characterized by deterioration of articular cartilage, osteophyte 

formation and bone remodelling. 

Osteophytes are bone spurs that form along joints; they can cause pain and limiting joint 

motions (Fig 11). 

 

 

 

 

 

 

 

 

Figure 11, healthy knee joint (left), osteoarthritic knee (right) 
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The most common risk factors for osteoarthritis are: 

 Age: osteoarthritis affects elderly population but can involve also young adult 

people. 

 Trauma: cruciate, collateral ligaments and joint fractures can lead increase risk 

of osteoarthritis. 

 Gender and ethnicity: men under the age of 50 have a higher prevalence and 

incidence than women. However, the women up to 50 are affected more than 

men. Instead, the difference tends to become less evidence with the increase of 

age, in particular after 80. 

 Genetics: there is a genetic susceptibility to the disease. Indeed, many genes are 

related to osteoarthritis. The defective genes are often coding for structural 

proteins of the extracellular matrix of the joint and collagen proteins. 

 Obesity: increasing weight can lead the risk of osteoarthritis, since excessive 

weight can put stress on joints and cause cartilage damage. 

 Diet: lack of vitamin C and vitamin D could increase the risk of osteoarthritis 

progression. In detail, vitamin C has antioxidant and collagen promoting 

properties that may delay the onset of osteoarthritis. On the other hand, people 

with low levels of vitamin D had an increased risk of osteoarthritis knee 

progression.  

 Bone density: high bone density is a risk factor for development, but low bone 

density is a risk factor for progression of knee osteoarthritis [14]. 

 Biomechanical: joint injury, reduced muscle strength, joint laxity, joint 

malalignment. 

There are many treatments for osteoarthritis both non-surgical and surgical 

interventions.  

The most important surgical procedure is arthroplasty that is an intervention to replace 

or restore a severely osteoarthritic joint in order to relieve pain and improve mobility, 

thereby adding to the patient’s quality of life [15]. 
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1.6 Primary Total Knee Arthroplasty 

 

Figure 12, Procedure of TKA 

Total Knee Replacement, also known as Total Knee Arthroplasty, is the most common 

surgical procedure performed in all countries of the world. Nowadays this procedure is 

not limited to the elderly population but is performed also in younger patients. In the 

last few decades, in the US, the number of annual primary TKA is increased by 161.5%, 

from more than 93,000 to more than 226,000 cases [17]. Approximately 700,000 knee 

replacement procedures are performed annually in the US. Studies estimated that the 

number of TKR procedure will increase to 3.48 million per year within 2030 [16]. 

The main goal of TKR is to relieve pain and to restore function of the knee joint, arising 

from Osteoarthritis and other pathologies that damage the articular surface of the knee. 

Restoration of biomechanical functions of the knee, such as alignment, soft tissue 

balancing and joint line, are factors that guarantee long-term TKA survival. 

TKR is a surgical procedure that consists to remove the damage surfaces of the bones 

and replace them with an artificial implant. An incision is made with the knee slightly 
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flexed to expose the joint. After that, knee flexion is increased and the patella is shifted 

laterally to open the anterior knee. Then, distal femur and proximal tibia are cutting to 

remove the damage surfaces to fit the shape of the implant. Finally, the femoral and 

tibial component are put into place (Fig. 12). The prosthetic implant consists of a femoral 

and a tibial component, which are rigidly constrained, and a polyethylene insert placed 

between these two elements.  

Femoral component is placed in the distal part of the femur and due to its shape covers 

the lower end of the femur. Whereas tibial plate is flat and has a stem that inserts into 

the centre of the tibial bone. The third component is a plastic insert typically made up 

of polyethylene, placed between femoral and tibial components. It has an important 

role to create a smooth gliding 

surface and role of damper to adsorbs shocks and prevent luxation without reducing the 

range of motion. To avoid friction and creation of debris, metal surfaces never come into 

contact with one another. In some cases, also the patella can be replaced with a 

prosthetic component made of polyethylene. It improves extensor function by 

increasing its lever arm [8] (fig.13). 

 
Figure 13, femur, tibia and patella after bone resection. The 
damaged joint is completely removed. The TKA is performed 
with the removed parts replace by TKA components. 
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The components in contact with the bones are made up of metal, usually alloys of 

cobalt-chromium and titanium, because they are strong enough to take weight bearing 

loads. Therefore, Metal-Polyethylene-Metal is the most combination used in knee 

replacement implant and the best association of materials in this kind of prosthesis. 

Since polyethylene resists to wear and degradation, is placed between the two metal 

components, in fact wear of components is an important problem in TKA, that must be 

avoid. The common features of materials are biocompatibility, because they are insert 

into the body, also they must to be flexible to bear stress and able to keep their strength 

and shape for long time (Fig 14). 

 

 

Figure 14, components of TKA 

                                                

There are different types of total knee replacement, in general they are divided into 

unconstrained, semi-constrained and constrained devices. Consequently, the choice of 

type of design, rather than another one, depends on evaluation of bone loss and extent 

of instability. Additionally, the choice among all types of implants is usually based on 

surgeon preferences as good clinical mid-term results. 
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Furthermore, the weight and gender are taken in consideration on implant selection. 

For example, nowadays there is a gender-specific “woman’s knee”, which is designed to 

comply the bone structure of the distal part of woman’s femur. [18] 

The are several reasons of failure of total keen replacement, among these the most 

important are polyethylene wear, aseptic loosening, instability, infection, malalignment 

or malposition of components.  

Wear of polyethylene is an important problem in TKA, nonetheless it can be reduced by 

improving PE manufacturing process or by reducing the contact stress at the joint 

surfaces.  

Unfortunately, wear debris remains the major factor that leads to aseptic loosening of 

the implant. It can be caused by initial fixation, mechanical loss of fixation over time or 

biologic loss of fixation caused by particle-induced osteolysis around the implant. [19] 

Instability can be associated with different factors as loosening of component, bone loss, 

fracture of prosthetic component, inadequate size or position, wear or collateral 

ligament laxity. 

Infection is caused by formation of biofilms on the implant surfaces. Biofilm is an 

aggregate of microorganisms in which cells are adherent to each other and/or to a 

surface. Bacteria secrete a substance that forms the basic architecture of biofilms. This 

matrix isolates bacteria from the rest of environment and help bacteria to survive in the 

biofilm. Consequently, the antibiotics are not efficacy. [20] 

Malalignment of the components leads to unphysiological distribution of the contact 

forces between the medial and later compartment, which overloads the bone and bone-

implant interface. Misalignment thus may induce wear of polyethylene and/or aseptic 

loosening. [2] 

In all cases, which the Primary Total Knee Replacement does not provide the required 

performances, a Revision Total Knee Replacement is needed.  
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1.7  Revision Total Knee Replacement  

Revision total knee replacement is used when the primary Total knee Arthroplasty is 

failed for all sort of reasons. For instance, loosening of the implant, infection of the joint, 

instability of the knee and malalignment of the parts. This procedure consists to remove 

some or all parts of the primary surgery and replace them with new ones. Both primary 

and revision replacement have the same goal, but revision surgery is more complicated 

than a primary total knee replacement, because it requires removing the previous 

implant, which placed into the existing bone. Therefore, once surgeons remove the 

implant there is less bone remaining. However, it is not possible to predict the quantity 

of damage bone, so it does not exist a standard total knee implants for revision knee 

replacement. Finally, obtaining a knee that is flexible and stable enough to allow motion 

and to keep you steady, respectively, are major challenges. Revision TKR is a complex 

procedure that requires an experienced surgeon, proper pre-operative planning and 

specialized tools to achieve good outcomes. [21] 

The revision prosthesis consists of three components like the primary implant. The tibial 

component, femoral component and patellar component. The tibial and femoral 

component usually have a long stem placed into the bone for extra support.  

1.7.1 Endo-Model Hinged knee Prosthesis 

Rotating hinge knee prosthesis is used in complex primary surgery, it is thus an 

alternative in total knee arthroplasty. The first implant was designed by Judet and by 

Walldius and Shiers in 1950. This kind of prosthesis had a considerable number of 

complications as loosening and infection. Therefore, new modifications were performed 

in order to improve different aspects and evolve the second generation of prosthesis. 

The main models were the GUAPAR implant in 1970, the Stanmore prosthesis in 1971 

and the Saint Georg in 1979. Nevertheless, some complication was reported such as 

material fractures or rupture of the extensor apparatus, so the third generation of 

prosthesis were designed. The main implant was Endo-Modell (Link) rotating hinge knee 

prosthesis, which functions as flexion-extension and intra-extra rotation. 
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This prosthesis attempts to reproduce the movements of a physiological knee. The 

flexion movement is around an axis with no change in the center of rotation. Whereas, 

during rotational movement the transmitted torque force to the bone-cement interface 

by components increases the risk of loosening. Therefore, the aim of this prosthesis is 

to reduce this problem with ramps shaped like tibial component to lead flexion, in order 

to limit the rotation depending on the flexion. In full extended knee the intra-extra 

rotation movement is not allowed, but it rises during flexion- extension movement by 

15-20° from 50° of flexion. Flexion and rotation of the knee prosthesis occurs in a cross 

joint [22]. 

 

 

    

Figure 15, Movements of Hinged Knee Prosthesis (a), Rotational (b) and flexion movement(c).  

            

The design of this prosthesis consists of a femoral and a tibial component, rigidly 

constrained, and a polyethylene insert placed between these two elements, which 

prevent luxation without reducing the range of motion. The distal femur and proximal 

tibia were prepared using the oscillating saw, and then the UHMWPE tibial plateau is 

positioned using a special instrument. Endo-Model includes also two stems placed into 

the femur and tibia bones. They can be used with cement or without (fig 16 and 17); 

stems represent a significant part of modular knee system. Moreover, the stems are 

available in different lengths of 50 to 280 mm. The possibility to interchange the size 

a                                  b           c  
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and dimensions of prosthetic component is a worthwhile element. This means to choose 

independently to each other components according to fit on their respective bones. The 

modularity is very beneficial for revision surgery when deficiencies of the bone cannot 

be totally predicted.  

 

                                                                                     
                      Figure 16, Cemented Stems                                                                                    Figure 17, Cementless Stems 

Figure 16 and 17 show cemented and cementless stems respectively. The first stem is 

characterized with no structuring and the tips are fitted with star shaped UHMWPE 

centralizers in order to position the stem in the middle of the medullary canal. Hence, 

direct contact of the metal stems with the internal wall of the bone is prevented. While 

cementless stems have a longitudinal structuring and a microporous surface.  

Regarding the assembly of plateau with anti-luxation system, first, the femoral 

component is lifted slightly, then the UHMWPE plateau is placed between the proximal 

and distal component of the prosthesis. After that, it is necessary to make sure that the 

chamber of the plastic plateau merges with the flange of the femoral component, and 

recess on the underside of the plastic plateau snaps into the marginal groove on the 

metal tibial tray. Finally, the UHMWPE plateau is pressed down and fixed into place by 

the self-locking fixation screw (fig 18). 
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After that, modular stems are linked by a cone assembly to the femoral and tibial 

components. There are two opposite flanges, which are inserted in the medial and 

lateral grooves at both the tibial and femoral components, to provide rotational stability 

(fig. 19 and 20).  

 

 

 

 

 

 

 

 

 

 

Figure 19 , Insertion of 
modular stems 

 

Figure 20, Screw fixation 

Figure 18, the UHMWPE plateau is pressed down into the metal tray and firmly fixed by the self-locking screw 
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Finally, the inner of Endo-Model Hinge Knee is made up of 

several components (fig 21). The piece A is placed on tibial 

components and it has an important role to connect it to 

the femoral component. It is drilled through to 

accommodate the joint axis B. Also, it has a ventral hole C 

for the grub screw D whose tip fits into the recess E on the 

axis and locks the latter once the upper and lower 

components have been joined.  

Moreover, there are two polyethylene bearings F which 

are placed between femoral component and connecting 

piece A. They are pushed into medial and lateral boreholes. 

In conclusion, the upper and lower prosthesis components 

are joined by the tibial connecting piece into the 

intracondylar box of the femoral component. Articulation 

takes place between the prosthesis axis and the two 

bearings. The Endo-Model® Hinge Knee Prosthesis is delivered ready assembled in a 

sterile condition. 

Because of its dimensions, Endo-Model® Standard/ – M requires an only minimal 

resection of 14 mm on the tibia-femur joint plane. As a result, there is a less resection 

than with a total knee prosthesis. [23] 

Rotating-hinge device is therefore optimal to deal with such problems of large 

ligamentous instability, severe bone substance loss, and distal femoral or proximal tibial 

defects resulting from injury or tumour, severe Varus or Valgus deformity both in 

primary and revision surgery. This kind of prosthesis thus is a highly constrained device 

able to provide the stability needed for arthroplasty in complex situations, both in 

primary and revision surgery. 

In the other hand, complications are frequent after this type of arthroplasty. Infection is 

the main frequent complication. The other two common causes are aseptic loosening 

and polyethylene wear. The reasons could be an insufficient long-term fixation and an 

increased amount of constraint.  

Figure 21, internal components of 
Endo-Model Hinge Knee Prosthesis 
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2. Aim of the study  

The aim of this study is to evaluate the performance of Hinged Knee Endo-Model 

prosthesis by LINK company in patients with Valgus and Varus deformity. In particular, 

evaluate the distribution of stress and contact area on polyethylene and plastic busching 

components. To reach this goal, Abaqus, which is a software suite for Finite Element 

Analysis (FEA), was used to perform all the simulations.  

The purpose of this study is to assess the performance of this kind of prosthesis when 

two versions of stems (cemented and cementless) of different lengths are used. The 

main goal is to obtain significant result that could be useful for surgeon to make decision 

during surgery about the length and type of stems.  

A static analysis is conduct in full extension (0°) and in flex-extension (both 5° and 90°) 

both for cemented and cementless stems of three different lengths of femoral 

component (50 mm, 120 mm and 160 mm). Each model is thus performed for different 

Varus and Valgus configurations in order to evaluate the effect on the fixation and load 

transmission when using different stem lengths of femoral component.  

Finally, each model is also performed for osteoporotic bone in order to predict the 

behaviour of the implant and extract data providing information on contact force and 

pressure.  

To date, the use of Endo-Model rotating- hinge is mainly based on surgeon experience 

and this could represent an important bias for the use of this device and the associated 

clinical outcomes. This study thus intends to help clinicians and specialists to choose a 

device rather than another. Therefore, it may aid in the surgeon’s treatment decision 

and in the development of patient-specific treatments. 
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3. Material and methods 

3.1  Geometry 

In this study, a modular Endo-Model prosthesis (LINK), right side, size medium, was 

considered for the numerical analysis. The design of the prosthesis was reconstructed 

using industrial CAD designs. For the bone geometry, a physiological three-dimension 

femur bone was obtained from Computer Tomography images. The femoral bone 

consists of two parts: cortical bone and cancellous bone. Three stem lengths (50, 120 

and 160 mm) of femoral component and two types of fixation (cemented or cementless) 

were examined both for physiological and osteoporotic bone for Valgus and Varus 

deformity. While the tibial component had a stem of 50 mm length. The size of 

polyethylene insert and tibial component remained the same in all configurations.  

 

3.2  Material and Properties 

The materials properties of the implant and bone were chosen based on literature 

research. The materials used in this study were assumed to be linear elastic, this means 

a better approximation of all materials in order to achieve a qualitative comparison 

among different configurations [2]. In particular, implant materials as femoral 

component and tibial tray were cobalt-chromium (CoCr), whereas the material of tibial 

insert was ultra-high-molecular-weight-polyethylene (UHMWPE), which has a yield 

point of approximately 20MPa. These materials were assumed to be homogeneous and 

isotropic. In detail, the material properties, i.e., the Young’s modulus (E) and Poisson’s 

ratio (ν), were as follow:  CoCr: E=240 GPa, ν=0.3 and UHMWPE: E=0.685 GPa, ν=0.4. 

While, materials properties of cortical bone, of femur in physiological case, was 

considered transversely isotropic, with properties varying along the mechanical axis of 

the bone. With E1=E2=11.5 GPa, E3=17 GPa, ν12 =0.58, ν23 =ν13=0.31. On the other hand, 

the cancellous bone was considered linear isotropic and the materials properties used 

were E=21.3 GPa and ν=0.3. While material properties of osteoporotic bone of compact 
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bone were E1=E2=7.82 GPa, E3=11.56 GPa, ν12 =0.58, ν23 =ν13=0.31. For trabecular bone, 

material properties are different E1=0.724 GPa and ν=0.3. 

For cemented configurations, PMMA was placed in the femoral canal. The material 

properties adopted for PMMA was homogeneous and isotropic with E= 3 GPa, ν=0.3. 

 The full overview of the material properties is shown in table 1.  

Table 1, materials properties used for all models 

3.3  Assembly 

Abaqus/Standard version 6.14-5 was used to assemble all parts of prosthesis with femur 

bone in order to perform all the finite element simulations. First of all, it was needed to 

make adjustments where necessary. For instance, fillets of prosthetic components were 

removed to avoid problems during simulations as considerable stress peaks. After that, 

to ensure the right position of each component to another one, it was possible to define 

position constraint by coaxial method. Software rotated and translated the movable 

part instance until the two selected faces were coaxial and the arrows were pointing in 

the same direction. It was possible because the faces selected were cylindrical. Finally, 

it was added femur bone and assembled with other prosthetic components. 

Material models   Elastic modulus (GPa) Poisson’s ratio 

    E1                  E2                 E3               ν12                     ν23            ν13 

Cortical bone Transversely 

isotropic 

11.5              11.5              17 0.58              0.31           0.31 

Cancellous Bone Isotropic 21.3                X                   X 0.3                   X                   X 

CoCr Isotropic 240                 X                   X 0.3                   X                   X 

UHMWPE Isotropic 0.685              X                   X 0.4                   X                   X 

PMMA Isotropic 3                      X                   X 0.3                   X                   X 

https://context.reverso.net/traduzione/inglese-italiano/make+adjustments
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3.4  Contacts 

As regards the definition of contacts between each components of prosthesis a surface 

to surface contact was defined. While, tie contacts were made between screws and CoCr 

components, PE and screws, femur bone and CoCr components, because relative 

micromovements were not take in consideration in this study. Another reason was to 

avoid any consequential displacement during simulations.   

3.5  Load and Boundary Conditions 

To compute the distribution of mediolateral 

forces, a simplify mathematical model was used 

(fig 22) [24]. 

From the equilibrium of forces and moments in 

the frontal plane, the forces Fmed on the medial 

compartment was therefore derived: Fmed=-

Fz/2-My/l, whit l the distance between condyles 

and flat=-Fz-Fmed. Fz is axial force, Flat and Fmed 

are respectively the forces on the lateral and 

medial compartment.  

To obtain a qualitative and quantitative data a 

simplify 3D model of femur bone was developed 

with the use of software Abaqus. In this way, starting with physiological configuration, 

medial and lateral forces were calculated for 5°,10°,20° and 30° both for Varus and 

Valgus deformity. A total of 243 configurations were developed and analyzed in this 

study. Each configuration was achieved by changing the limb alignment and underwent 

the same load conditions.  

 

Figure 22, the instrumented baseplate to 
compute forces and moments. My =moment. Fx 

=mediolateral force, Fz =axial force, l=distance 
between condyles, lz =lever arm z, Flat =force on 
the lateral compartment and Fmed =force on the 
medial compartment. 
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In table 2 are reported percentages of force distribution in medial and lateral 

compartment with an axial force of 1000 N. 

  

 

 

 

 

 

 

 

 

                                                     Table 2, Percentage of force applied in all models 

Once the distribution of forces has been estimated, the static simulation was made for 

nine models. During all simulations the superior part of the femur was constrained, and 

the forces were applied on the proximal tibia (fig. 23). 

 

 

 

 

 

 

 

 Medial Force Lateral Force 

30° Varus 91% 9% 

20° Varus 82% 18% 

10° Varus 64% 36% 

5° Varus 60% 40% 

Physiological 
configuration 

55% 45% 

5° Valgus 43% 57% 

10° Valgus 38% 62% 

20° Valgus 8% 92% 

30° Valgus 0% 100% 

a 

Figure 23, coupling of lateral (a) and medial (b) forces. 

b 
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3.6 Cementless models 

3.6.1 First model  

The first model was performed with cementless femoral stem with a length of 50 mm 

(fig. 23), the forces were applied in three configurations: in full extension 0°, 5°and 90° 

flexion. 

 

 

Figure 25, cemtentless stem of 50 mm of length  

c 

Figure 24, lateral view of femur bone at 0° (a), 5° (b) and 90°(c) of flexion. 

a b 
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3.6.2 Second model 

The second model was performed with cementless femoral stem with a length of 120 

mm (fig.25), the forces were applied in three configurations: in full extension 0°, 5°and 

90° flexion. 

 

 

 

3.6.3 Third model 

The third model was performed with cementless femoral stem with a length of 160 mm 

(fig.26), the forces were applied in three configurations: in full extension 0°, 5°and 90° 

flexion. 

 

 

 

 

3.7 Cemented Models 

3.7.1 Fourth model 

The fourth model was performed with cemented femoral stem with a length of 50 mm 

(fig.27); the forces were applied in three configurations: in full extension 0°, 5°and 90° 

flexion. 

 

 

Figure 26, cementless stem of 120 mm of length 

Figure 27, cementless stem of 160 mm of length 

Figure 28, cemented stem of 50 mm of length  
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3.7.2 Fifth model 

The fifth model was performed with cemented femoral stem with a length of 120 mm, 

the forces were applied in three configurations: in full extension 0°, 5°and 90° flexion. 

 

 

 

 

3.7.3 Sixth model 

The sixth model was performed with cemented femoral stem with a length of 160 mm, 

the forces were applied in three configurations: in full extension 0°, 5°and 90° flexion. 

 

 

 

 

 

3.8  Osteoporotic configuration 

Other three models were implemented for osteoporotic bone both with cementless 

stem with the same configurations seen above.  

Finite Element Analysis was used in order to obtain the average von Mises stress and 

the maximum and average contact pressure and area both for polyethylene and bushing 

components.  

Figure 29, cemented stem of 120 mm of length 

Figure 30, cemented stem of 160 mm of length 
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3.9  Mesh 

The mesh was defined using tetrahedral elements characterized by different elements 

size according to the region of interest. In detail, an approximate element size of 3 mm 

was used for each component and a refinement of mesh, with an approximate element 

size of 1 mm, was performed in the contact area of internal components of the implant, 

to make sure that the selected mesh did not influence the results. Finally, to check the 

quality of the mesh a convergence test was performed.   

The geometry of the femur bone was more complex than other components, for this 

reason a virtual topology was done to improve some geometries, as a result more 

uniform mesh. The mesh size of the bone was chosen based on two factors results and 

time. Therefore, a compromise between small size and big size was necessary in order 

to achieve more reliable results in the shortest possible time. Consequently, a mesh with 

an approximate element size of 3 mm was chosen in the distal part of the femur in 

contact with metal components, while the proximal part of the bone was performed 

with an approximate element size of 12 mm.    

 

 

 

 

 

 

 

 

 

Figure 31, overview of meshed prosthesis  
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4. Results  
4.1  Part I 

Fig. 32 reports a graphical overview of the average von Mises stress on polyethylene 

insert with cementless stem of 50 mm of length. Each row represents Valgus and Varus 

alignment, while the columns indicate positioning of the knee in three different 

configurations. In particular, the knee full extended at 0° and flexed at 5° and 90°. While, 

fig. 33 reports the contact pressure and area.  Finally, fig. 34 reports the trend of contact 

force in tibiofemoral compartment. It is shown the percentage of force in medial and 

lateral compartment as a function of Varus and Valgus alignment.  

 Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus 
  

 

10° Varus 
  

 

5° Varus 
  

 

Physiological 
configuration 

  
 

5° Valgus 
  

 

10° Valgus 
  

 

20° Valgus 
  

 

30° Valgus 
  

 

 
Figure 32, average von Mises stress on polyethylene component. Each row represents a Varus/valgus configuration, while the 
columns indicate each flexo-extension configuration. 
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Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus  
  

10° Varus  
  

5° Varus  
  

Physiological 
configuration 

 
  

5° Valgus  
  

10° Valgus  
  

20° Valgus  
  

30° Valgus  
  

Figure 33, graphical overview of the contact pressure for each configuration. 
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Figure 34, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity   

Fig. 32 shows a change in stress for Varus and Valgus configurations in in the tibial insert 

compared to the physiological configuration. It is possible to state that the stress at the 

medial region on polyethylene increase with Varus alignment. While, shifting the 

alignment from Varus to Valgus configurations lead to an increase of stress in lateral 

side. Moreover, considering the first configuration with the knee full extended at 0°, the 

distribution of the stress focus is in the anterior and central region of the polyethylene 

insert. While, the stress moves to the posterior region of tibial insert with flexion of the 

knee at 5°and 90.  

Fig. 33 reports the graphical overview of contact pressure and area. Again, shifting from 

Varus to Valgus configurations induce an increase of contact area respectively in medial 

and lateral region. It is important to note that for 30° of Varus and Valgus there is no 

stress on polyethylene component.  
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To better understand the behaviour of the contact force on tibial insert, fig. 34 reports 

the percentage of force in medial and lateral tibiofemoral compartment as function of 

Valgus and Varus configurations. Red, orange and blue lines indicate the forces on 

polyethylene insert at 0°, 5° and 90° of flexion, respectively. The dashed lines represent 

forces on medial insert; accordingly, the solid lines indicate forces on lateral region. As 

expected, an increase of Varus alignment cause an increase of stress in medial region 

and a reduction of stress in lateral region. While, a rise of Valgus malalignment lead to 

an increment of stress in lateral side and a drop of stress in medial part. This trend of 

the force is similar for all configurations (0°, 5°and 90°). 
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Similarly, fig. 35 and fig. 36, report results in terms of von Mises stress and contact 

pressure for plastic bushing component.  

 

 

 

 

 
Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus  
  

10° Varus  
  

5° Varus  
  

Physiological 
configuration 

 
  

5° Valgus  
  

10° Valgus  
  

20° Valgus  
  

30° Valgus  
  

Figure 35, average von Mises stress on plastic bushing. Each row represents a Varus/valgus configuration, while the 
columns indicate each flexo-extension configuration. 
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As before, it is noted that there is a shifting of contact pressure and area. In particular, 

at 5° and 90° of flexion the region of contact area shifts internal compared to 

physiological configuration.  

 

 
Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus  
  

10° Varus  
  

5° Varus  
  

Physiological 
configuration 

 
  

5° Valgus  
  

10° Valgus  
  

20° Valgus  
  

30° Valgus  
  

Figure 36, graphical overview of the contact pressure for each configuration. 
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Fig.37 and fig. 38 report the graphical overview of von Mises stress and contact pressure 

on polyethylene component, with 120 mm of cementless stem, for each Valgus and 

Varus configurations, with the knee full extended 0° and flexed at 5° and 90. 

 

 

 Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus 
  

 

10° Varus 
  

 

5° Varus 
  

 

Physiological 
configuration 

  
 

5° Valgus 
  

 

10° Valgus 
  

 

20° Valgus 
  

 

30° Valgus 
  

 

Figure 37, average von Mises stress on polyethylene component. Each row represents a Varus/valgus configuration, while the 
columns indicate each flexo-extension configuration 
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Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus  
  

10° Varus  
  

5° Varus  
  

Physiological 
configuration 

 
  

5° Valgus  
  

10° Valgus  
  

20° Valgus  
  

30° Valgus  
  

Figure 38, graphical overview of the contact pressure for each configuration 
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Again, Fig. 37 shows a change in stress for Varus and Valgus configurations in in the tibial 

insert compared to the physiological configuration. It is possible to state that the stress 

at the medial region on polyethylene increases with Varus alignment. On the other hand, 

shifting the alignment from Varus to Valgus configurations lead to increase of stress in 

lateral side. Moreover, considering the first configuration with the knee full extended at 

0°, the distribution of the stress focus is in the anterior and central region of the 

polyethylene insert. While, it is possible to note a shifting of stress in the posterior region 

of tibial insert with configurations at 5°and 90° of flexion. 

Fig. 38 reports the graphical overview of contact pressure and area. Again, shifting from 

Varus to Valgus configurations induce an increase of contact area respectively in medial 

and lateral region. It is important to note that, respect to the previously model, there is 

a better distribution of stress on medial and lateral side of polyethylene component at 

30° of Varus and Valgus alignment. 
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Figure 39, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity   
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To better understand the behaviour of the contact force on tibial insert, fig. 39 reports 

the percentage of force in medial and lateral tibiofemoral compartment as function of 

Valgus and Varus configurations. As expected, an increase of Varus alignment causes an 

increase of stress in medial region and a reduction of stress in lateral region. While, a 

rise of Valgus malalignment lead to an increment of stress in lateral side and a drop of 

stress in medial part. Moreover, von Mises stress and contact pressure on plastic 

bushing are shown in fig. 40 and fig. 41, considering the same configuration. 

 
 

Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus  
  

10° Varus  
  

5° Varus  
  

Physiological 
configuration 

 
  

5° Valgus  
  

10° Valgus  
  

20° Valgus  
  

30° Valgus  
  

Figure 40, average von Mises stress on plastic bushing. Each row represents a Varus/valgus configuration, while the 
columns indicate each flexo-extension configuration. 



46 
 

 

 

 

 

 

 
Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus  
  

10° Varus  
  

5° Varus  
  

Physiological 

configuration 

 
  

5° Valgus  
  

10° Valgus  
  

20° Valgus  
  

30° Valgus  
  

Figure 41, graphical overview of the contact pressure for each configuration. 
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The distribution of von Mises stress and contact pressure on bushing component is more 

uniform than the previously model. In fact, the stress is focused on the central region of 

the plastic element. In particular, at 0° of flexion, the contact area shits internal to the 

component compared to the physiological configuration. Instead, it is possible to note a 

wider and mainly constant contact area at 5° and 90° of flexion.The results of von Mises 

stress and contact pressure on tibiofemoral component for cementless femoral stem 

with a length of 160 mm are illustrate in fig. 42 and fig. 43. While, the trend of contact 

force is reported in fig. 44.  

 Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus 
  

 

10° Varus 
  

 

5° Varus 
  

 

Physiological 
configuration 

  
 

5° Valgus 
  

 

10° Valgus 
  

 

20° Valgus 
  

 

30° Valgus 
  

 

 Figure 42, average von Mises stress on polyethylene component. Each row represents a Varus/valgus configuration, while the 
columns indicate each flexo-extension configuration 
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Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus  
  

10° Varus  
  

5° Varus  
  

Physiological 

configuration 

 
  

5° Valgus  
  

10° Valgus  
  

20° Valgus  
  

30° Valgus  
  

Figure 43, graphical overview of the contact pressure for each configuration 
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Figure 44, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity   

As report for previously models, Fig. 42 shows a change in stress for Varus and Valgus 

configurations in in the tibial insert compared to the physiological configuration. The 

stress at the medial region on polyethylene increases with Varus alignment. While, 

shifting the alignment from Varus to Valgus configurations lead to increase of stress in 

lateral side. Again, considering the first configuration with the knee full extended at 0°, 

the distribution of the stress focus is in the anterior and central region of the 

polyethylene insert. While, regarding the flexion of the knee at 5°and 90°, it is possible 

to note a shifting of stress in the posterior region of tibial insert.  

Fig. 43 reports the graphical overview of contact pressure and area. As before, shifting 

from Varus to valgus configurations induce an increase of contact area respectively in 

medial and lateral region. It is important to note that, the behaviour of contact force 

and pressure on polyethylene component is similar to the first model with short stem.  
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To better understand the behaviour of the contact force on tibial insert, fig. 44 reports 

the percentage of force in medial and lateral tibiofemoral compartment as function of 

Valgus and Varus configurations. As expected, an increase of Varus alignment cause an 

increase of stress in medial region and a reduction of stress in lateral region. While, a 

rise of valgus malalignment led to an increment of stress in lateral side and a drop of 

stress in medial part. Moreover, von Mises stress and contact pressure on plastic 

bushing are shown in fig. 45 and fig. 46, considering the same configuration. 

 
 

Full extension (0°) Flex-extension (5°) Flex-extension (90°) 

30° Varus    

20° Varus  
  

10° Varus  
  

5° Varus  
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Figure 45, average von Mises stress on plastic bushing. Each row represents a Varus/valgus configuration, while the 
columns indicate each flexo-extension configuration. 
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Figure 46, graphical overview of the contact pressure for each configuration. 

 



52 
 

Fig 47, 48 and 49 report a comparison of contact force in medial and lateral tibiofemoral 

compartment both for 50, 120 and 160 mm cementless stem in terms of percentage as 

a function of Varus and Valgus alignment for all configurations (0°, 5° and 90°). 

Figure 48, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 0° of flexion 
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Figure 47, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 5° of flexion 
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Figure 49, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 90° of 

flexion 

To better understand the difference between 50, 120 and 160 mm cementless stems, 

Fig. 47, 48 and 49 report a comparison of contact force in medial and lateral tibiofemoral 

compartment at 0°, 5° and 90° for 50, 120 and 160 mm cementless stems. Red lines 

indicate the trend of force for 120 mm cementless stem, orange lines represent the 

percentage of force for cementless stem of 50 mm of length and blue lines indicates the 

trend of contact force with the model using 160 mm cementless stem.  

It is possible to note that the model with 120 mm cementless stem has a quite linear 

trend at 5° of flexion. While, the other two models follow a similar trend.  

 To better understand results of contact force, the quantitative results about contact 

pressure are shown below. Fig 50, 51 and 52 report histograms of maximum contact 

pressure (MPa), for medial and lateral contact area on polyethylene component, as 

function of 5°, 10°, 20° and 30° of Varus and Valgus alignments for each configuration 

and for all models. While, fig 53 reports histograms of average contact pressure on 

polyethylene component for all configurations.  
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Figure 50, Maximum contact pressure for medial and lateral contact area on polyethylene component for 5° 
configuration with the cementless stem of 50 mm 

Figure 51, Maximum contact pressure for medial and lateral contact area on polyethylene component for 0° 
configuration with the cementless stem of 50 mm.  
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Figure 52, Average contact pressure on polyethylene component for all configurations with the cementless stem of 50 
mm for 0°, 5° and 90° of flexion. 

 

Figure 53, Maximum contact pressure for medial and lateral contact area on polyethylene component for 90° 
configuration with the cementless stem of 50 mm 
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The values of contact pressure in medial and lateral area of polyethylene are indicated 

by colours, with orange the pressure in lateral side and light blue the pressure in medial 

region. According to qualitative results, Fig 50, 51 and 52 confirm that maximum values 

of pressure are mainly located on the medial side for Varus configurations. While, 

contact pressure increases in lateral side with Valgus configurations. This state is evident 

at 5° and 90° of flexion. Moreover, contact pressure increases with flexion achieving 

values in a range between 0 and 26 MPa. The results about the average contact pressure 

are shown in Fig.53. Red, dark blue and green bar diagrams indicate the values of 

average contact pressure on polyethylene for 0°, 5° and 90° respectively. 

Similarly, fig. 54, 55, 56 and 57 report quantitative results in term of maximum and 

average contact pressure in the internal and external contact area of plastic bushing 

component with cementless stem of 50 mm. black and grey bar diagrams indicate the 

values of contact pressure in external and internal area. 
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Figure 54, Maximum contact pressure in the internal and external contact area of plastic bushing component for 0° 
configuration with cementless stem of 50 mm 
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Figure 56, Maximum contact pressure in the internal and external contact area of plastic bushing component for 5° 
configuration with cementless stem of 50 mm 

 

Figure 55, Maximum contact pressure in the internal and external contact area of plastic bushing component for 
90° configuration with cementless stem of 50 mm 
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As before, fig. 58, 59, 60, 61, 62, 63, 64 and 65 illustrate the values of maximum and 

average contact pressure for both polyethylene and plastic bushing components for all 

the analysed configurations with cementless stem of 120 mm.  
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Figure 57, average contact pressure in the internal and external contact area of plastic bushing component for all 
configurations with cementless stem of 50 mm at 0°, 5° and 90° of flexion. 

 

Figure 58, Maximum contact pressure for medial and lateral contact area on polyethylene component for 0° 
configuration with cementless stem of 120 mm. 
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Figure 59, Maximum contact pressure for medial and lateral contact area on polyethylene component for 5° 
configuration with cementless stem of 120 mm. 

 

Figure 60, maximum contact pressure for medial and lateral contact area on polyethylene component for 90° 
configuration with cementless stem of 120 mm 
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Figure 62, average contact pressure on polyethylene component for all configurations with cementless stem of 
120 mm 

Figure 61, Maximum contact pressure in the internal and external contact area of plastic bushing component for 0° 
configuration with cementless stem of 120 mm 
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Figure 64, Maximum contact pressure in the internal and external contact area of plastic bushing component for 5° 
configuration with cementless stem of 120 mm 

 

Figure 63, maximum contact pressure in the internal and external contact area of plastic bushing component for 90° 
configuration with cementless stem of 120 mm 
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As illustrates for the other models, fig. 66, 67, 68, 69, 70, 71, 72 and 73 report the 

quantitative values of maximum and average contact pressure on polyethylene and 

plastic bushing components for all the analysed configurations with cementless stem of 

160 mm.  
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Figure 66, Maximum contact pressure for medial and lateral contact area on polyethylene component for 0° 
configuration with cementless stem of 160 mm 

Figure 65, average contact pressure in the internal and external contact area of plastic bushing component for all 
configurations with cementless stem of 120 mm 
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Figure 67, Maximum contact pressure for medial and lateral contact area on polyethylene component for 5° 
configuration with cementless stem of 160 mm 
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Figure 68, Maximum contact pressure for medial and lateral contact area on polyethylene component for 90° 
configuration with cementless stem of 160 mm 
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Figure 69, average contact pressure on polyethylene component for all configurations with cementless stem of 120 
mm 
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Figure 70, Maximum contact pressure in the internal and external contact area of plastic bushing component for 
0° configuration with cementless stem of 160 mm 
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Figure 72, Maximum contact pressure in the internal and external contact area of plastic bushing component for 
90° configuration with cementless stem of 160 mm 

Figure 71, Maximum contact pressure in the internal and external contact area of plastic bushing component for 
5° configuration with cementless stem of 160 mm 
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Figure 73, average contact pressure in the internal and external contact area of plastic bushing component for all 
configurations with cementless stem of 160 mm  
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Figure 75, graphical overview of the contact pressure for each configuration 

Figure 74, average von Mises stress on polyethylene component. Each row represents a Varus/Valgus configuration, 
while the columns indicate each flex-extension configuration. 

 

4.2  Part II 

Fig.74 report a graphical overview of the average Von Mises stress on polyethylene 

insert with cemented stem of 50 mm of length. As before, each row represents Valgus 

and Varus alignment, while the columns indicate positioning of the knee in three 

different configurations (0°-5°-90°). While, fig. 75 reports the contact pressure and area.  
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Qualitative results are reported also for plastic bushing component. Fig. 76 and 77 report 

results in term von Mises stress and contact pressure for plastic bushing component.  
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Figure 76, average von Mises stress on plastic bushing. Each row represents a Varus/Valgus configuration, while the 
columns indicate each flex-extension configuration. 

 

Figure 77, graphical overview of the contact pressure for each configuration. 
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The results of von Mises stress and contact pressure on tibiofemoral compartment with 

cemented femoral of 120 mm of length are illustrate in fig. 78 and fig. 79. While fig. 80 

and 81 show the von Mises stress on polyethylene component and contact pressure on 

plastic bushing component. 
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Figure 79, average von Mises stress on polyethylene component. Each row represents a Varus/Valgus configuration, 
while the columns indicate each flex-extension configuration. 

 

Figure 78, average von Mises stress on plastic bushing. Each row represents a Varus/Valgus configuration, while the 
columns indicate each flex-extension configuration. 
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Figure 80, graphical overview of the contact pressure for each configuration 

 

Figure 81, graphical overview of the contact pressure for each configuration. 
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The results of von Mises stress and contact pressure on tibiofemoral compartment with 

cemented femoral of 160 mm of length are illustrate in fig. 82 and fig. 83. While, the 

trend of contact force is reported in fig. 75.  
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Figure 83, graphical overview of the contact pressure for each configuration 

 

Figure 82, average von Mises stress on polyethylene component. Each row represents a Varus/Valgus 
configuration, while the columns indicate each flex-extension configuration. 
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Moreover, von Mises stress and contact pressure on plastic bushing are shown in fig. 83 

and fig. 84, considering the same configuration. 
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Figure 84, average von Mises stress on plastic bushing. Each row represents a Varus/Valgus configuration, while the 
columns indicate each flex-extension configuration. 

 

Figure 85, graphical overview of the contact pressure for each configuration. 
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Figure 86, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 0° of flexion 
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Figure 87, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 90° 
of flexion 
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To better understand the difference between 50, 120 and 160 mm cemented stems, Fig. 

86, 87 and 88 report a comparison of contact force in medial and lateral tibiofemoral 

compartment at 0°, 5° and 90° for 50, 120 and 160 mm cemented stems. Red lines 

indicate the trend of force for 120 mm cemented stem, orange lines represent the 

percentage of force for cemented stem of 50 mm of length and blue lines indicates the 

trend of contact force with the model using 160 mm cemented stem.  

From results obtained with cementless models, the graphs report only results for -5° 

and 5°, and for -30° and 30° Varus and Valgus configurations. The trend of force in 

medial and later compartment of polyethylene insert is similar for 50 and 160 mm 

cemented models. While 120 mm cemented shows a better distribution of force for 

severe Valgus and Varus degree.  
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Figure 88, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 5° of flexion 
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Figure 89, graphical overview of average contact pressure on polyethylene component (left) and average contact pressure in the internal 
and external contact area of plastic bushing component (right) for all configurations (0°, 5° and 90°). 
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4.3 Part III 

Fig. 90 and 91 report a graphical overview of von Mises stress and contact pressure and 

area on polyethylene insert. While, fig. 92 and 93 show the von Mises stress and contact 

pressure on plastic bushing component, both for 50 mm cementless stem with 

osteoporotic bone. 
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Figure 90, average von Mises stress on polyethylene component. Each row represents a Varus/Valgus configuration, 
while the columns indicate each flex-extension configuration. 

Figure 91, graphical overview of the contact pressure for each configuration. 
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Figure 92, average von Mises stress on plastic bushing. Each row represents a varus/valgus configuration, while the 
columns indicate each flexo-extension configuration.  
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Figure 93, graphical overview of the contact pressure for each configuration 
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The results of von Mises stress and contact pressure on tibiofemoral component for 

cementless femoral stem with a length of 120 mm and osteoporotic bone are illustrate 

in fig. 94 and fig. 95.  
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Figure 95, graphical overview of the contact pressure for each configuration. 

 

Figure 94, average von Mises stress on polyethylene component. Each row represents a Varus/Valgus configuration, while the 
columns indicate each flex-extension configuration. 
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The results in terms of von Mises stress and contact pressure for plastic bushing 

component are shown below (fig. 96 and 97).  
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Figure 96, average von Mises stress on plastic bushing. Each row represents a varus/valgus configuration, while the 
columns indicate each flexo-extension configuration.  
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Figure 97, graphical overview of the contact pressure for each configuration 
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Finally, fig. 98, 99 100 and 101 show the results of von Mises stress and contact pressure 

both for polyethylene insert and plastic bushing component with cementless stem of 

160 mm of length. 
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Figure 99, graphical overview of the contact pressure for each configuration. 

Figure 98, average von Mises stress on polyethylene component. Each row represents a varus/valgus configuration, while 
the columns indicate each flex-extension configuration. 
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Figure 100, average von Mises stress on plastic bushing. Each row represents a varus/valgus configuration, while the columns 
indicate each flex-extension configuration. 
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Figure 101, graphical overview of the contact pressure for each configuration 



82 
 

 

Figure 102, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 0° of 

flexion with osteoporotic bone 

 

 

 

Figure 103, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 5° of 

flexion with osteoporotic bone 
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Figure 104, Trend of force in medial and lateral tibiofemoral compartment for Valgus and Varus deformity at 0° of 

flexion with osteoporotic bone  
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5. Discussion 

The aim of this study was to evaluate the distribution of stress and contact area on 

polyethylene and busching components in patients with Varus and Valgus deformity. 

One key finding is that Varus and Valgus malalignment cause an increase of stress on 

polyethylene component compared to alignment configuration. From results, it is 

possible note that shifting from physiological configuration to Varus alignment, the 

stress increase in medial region of polyethylene. Accordingly, the stress decrease in 

medial region and increase in later side in Valgus configuration compared to aligned 

model.  

According to results found in literature studies there is an asymmetric distribution of 

contact force on polyethylene insert. In fact, the percentage of force, in full extended 

knee, in medial and lateral region is 45% and 55% respectively, both for 50 and 120 mm 

cementless stem. While, the load split in 37% and 63% with 160 mm cementless stem. 

Different results are observed for the knee at 5° and 90° of flexion, in fact the contact 

zone moves from anterior to posterior part of polyethylene component. This causes an 

overload of medial compartment. In particular, the percentage of distribution of force 

in medial side is 58% and 42% in later side with 50 mm cementless stem. A similar 

behaviour is found for 160 mm cementeless stem. While, the distribution of contact 

force is 54% and 46% in medial and lateral region respectively with 120 mm cementless 

stem.  

 

Another important key finding is that an inclination of 5° of femoral component could 

be optimal for all cementless stems. A hyperextension of implant components could 

lead to overload the anterior part of the prosthesis, resulting in instability of the implant. 

Based on literature studies, an alignment of approximately 5° thus is optimal to ensure 

stability of the implant. In fact, the distribution of medial-lateral force is approximately 

equal on polyethylene insert. Moreover, it is well noted that the models with cementless 

stems of 50 and 160 mm of lengths have a similar behaviour. As a result, from aligned 

configuration up to 10° of Varus and Valgus alignment there are not significant 

problems. After that, the percentage of force increase sharply after 10° of Varus and 
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Valgus alignment, with values of 100% of total force in medial and lateral region. On the 

other hand, the model with cementless stem of 120 mm of length presents an 

approximately linear trend of force, both for Valgus and Varus alignment. The 

percentage of force increases slightly from physiological configuration to 30° of Varus in 

medial region. While, a similar behaviour can be noted for valgus alignment, where the 

contact force rises in lateral region and drop in medial side. Nevertheless, an asymmetric 

distribution of force in medial and lateral side, for both configurations, is observed for 

all models. This fact confirm data found in literature.  

 

Therefore, the model with 120 mm cementless stem seems to have a better distribution 

of force than other two stems. The graphs of contact force show a roughly linear trend 

between -10° and 10° of Valgus and Varus configurations. Moreover, the values 

obtained from this model demonstrate a better distribution of force on each side for 

moderate and severe Varus and Valgus alignment at 5° and 90° of flexion. In particular, 

at 10° of Valgus there is a variation of 40% of total contact force on medial-lateral side 

of polyethylene component with 50 mm cementless stem, while a variation of 20% is 

found with 120 mm cementless stem.  

 

The results thus demonstrate that changes of force in medial and later condyle are 

relevant for 120 mm cementless stems. This model results a perfect compromise 

between 50 and 160 cementless stems, mainly, for severe Valgus configuration. The 

stem of femoral component with a length of 120 mm thus become essential in severe 

Valgus and Varus alignment. 

  

To emphasize the quantitative results of contact force, bar histograms shows the values 

of contact pressure on polyethylene component and bushing component in MPa. 

Contact pressure increases with flexion achieving values in a range between 0 and 24 

MPa with 120 mm cementless stem. Bar graphs show the same behaviour of contact 

force, as the contact pressure increase on medial region of polyethylene insert and 

decrees in lateral side for Varus configurations. An opposite behaviour occurs for Valgus 

configurations. There are no noticeable problems of plasticization because the 
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maximum values of pressure are mainly in a range of 20-25 MPa. Moreover, the values 

of average contact pressure on polyethylene and bushing component, resulting with 120 

cementless model, are lower than other two models. Moreover, it is needed to say that 

the polyethylene was considered isotropic linearly elastic, which could lead to incorrect 

estimation of values of contact pressure. Therefore, the cementless stem of 120 mm of 

length remain a good compromise between 50 and 160 mm cementless stems.  

Similar results were found for cemented and osteoporotic models.  

Finally, in case of Valgus and Varus deformity, both cementless and cemented stems of 

120 mm of length ensure good stability due to better stress distribution on polyethylene 

insert. This state is true mainly for several case of Valgus deformity.  
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6. Conclusions 

The aim of this study was to obtain relevant results in order to provide support surgeon’s 

treatment decision. A biomechanical study was conducted to predict the behaviour of 

implant with different models and under clinical problems, such as Varus and Valgus 

deformity and osteoporotic bone. To date, the use of Endo-Model rotating-hinge is 

mainly based on surgeon experience because does not exist a protocol which indicate 

the proper length and method of fixation of stems. Therefore, the results obtained can 

be considered a good support for decision-making process during complex knee 

replacement surgeries. Moreover, the aim of this study was not to give accurate values 

of contact pressure or stress on polyethylene and plastic bushing components, but only 

give an overview of distribution of contact force and stress on implant components. 

Additionally, the goal of the research was to analyse how deviation from neutral 

mechanical alignment led to an increase of stress in such area of implant and study 

which configurations could ensure better stability of the implant.  

In conclusion, future developments could be considered. For instance, studying the 

performance of the hinged knee arthroplasty during a squat movement, therefore 

performing a dynamic study. Moreover, considering other movements, such as walking. 

Other studies could investigate the micromotions between the implant and the bone or 

take in consideration other lengths of the stem.  
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7. Figures  
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Figure 23, coupling of lateral (a) and medial (b) forces. -------------------------------------------------------------- 31 

Figure 24, lateral view of femur bone at 0° (a), 5° (b) and 90°(c) of flexion. ------------------------------------ 32 

Figure 25, cemtentless stem of 50 mm of length ----------------------------------------------------------------------- 32 

Figure 26, cementless stem of 120 mm of length ----------------------------------------------------------------------- 33 

Figure 27, cementless stem of 160 mm of length ----------------------------------------------------------------------- 33 

Figure 28, cemented stem of 50 mm of length -------------------------------------------------------------------------- 33 

Figure 29, cemented stem of 120 mm of length ------------------------------------------------------------------------- 34 

Figure 30, cemented stem of 160 mm of length ------------------------------------------------------------------------- 34 
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Figure 32, average von Mises stress on polyethylene component. Each row represents a Varus/valgus 
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