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Abstract 
 

 

 

 

Revision total knee arthroplasty (TKA) is advised when aseptic loosening, infection, osteolysis 

occur or when the range of knee motion is affected [58].  The extent of bone injuries determines 

which prosthesis should be implanted. Currently, a variety of solutions are commercially 

available:  

 Small bony deficiencies can be addressed with cement or allografts. 

 Broader defects can be dealt with augments, metal wedges, bone grafts or personalized 

prosthesis. 

 Stems and screws can be used to provide more stability [58,59] 

 

The great challenge for revision total knee arthroplasty (TKA) is to provide adequate pain relief 

for the patient and ensure greater knee stability, proper alignment and a longer lifespan of the 

implanted prosthesis [58]. 

Modular augments and wedge are recommended when there is a lack of bone support which is 

more than 40% [58]. Nowadays, different shapes (rectangular or wedge-shaped) and sizes 

(several thicknesses), whose selection is related to the extent of bone defect, are commercially 

available, while there are not guidelines for the selection of the porous material best fitting 

specific clinical requirements [59]. Furthermore, it is important to investigate how bone 

response changes varies if the material has been changed. 

Among several modelling approaches, finite element analysis (FEA) allows to deal with a 

variety of biomechanical problems which could compromise knee functions and the longevity 

of the implanted prosthesis. Therefore, FEA gives the possibility to analyse bone and implant 

stress distribution and interactions under different conditions, by comparing these results to 

those of a physiological knee. Finite element modelling represents a powerful tool through 

which is possible to develop clinical strategies and enhance the success of TKA, by ensuring a 

long-term stability and fixation of the implant [63]. 

For the reasons stated above, this study will focus on the development of a 3D model of the 

knee joint where tibial and femoral bone defects are addressed with porous metal augments 

because these biomaterials ensure a faster bone regeneration and they also need a little bony 
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resection. Therefore, the aim of this work is to carry out a finite element analysis in order to 

investigate the change in tibial and femoral bone stress response to the placement of an 

augment, both locally and globally. Different thicknesses (5, 10 and 15 mm), positions (distal, 

proximal and posterior) and materials (porous and solid) are considered in order to compare the 

different bone responses. 

The results obtained by this analysis demonstrate that the insertion of an augment made of any 

material induces a change in terms of bone stress, in particular in the region which surround the 

wedge. Furthermore, it will be possible to notice that an augment made of a porous metal 

induces a stress distribution that is similar to that of the reference model where no augment is 

inserted, while conventional metals cause more significant variations. So, it is possible to 

conclude that porous metals are a good alternative to the dense because of their stiffness that is 

closer to that of the bone. Consequently, porous biomaterials ensure the best implant 

performance. 
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Chapter 1 

Literature Review 
 

 

 

1.1 Knee joint anatomy 
 

 

One of the most important joint in our body is the knee: it is characterised by a complex 

structure which consists of bones, ligaments, tendons, muscles in order to form two different 

joints: tibiofemoral and patellofemoral. It is also very vulnerable, especially for athletes [1].   

As shown in (Figure 1), it includes several bones: 

 the thigh bone (femur) shows two bumps known as femoral condyles (medial and 

lateral) at the end of the bone; 

 the shine bone (tibia) possesses two bulges named tibial tubercles and two tibial 

condyles called also tibial plateau where are located the menisci (medial and lateral) 

which ensure a good stability of the knee; 

 the kneecap (patella) is placed between the femoral condyles, whose function is to 

reduce the friction forces when we move the knee; 

 the fibula is placed close to the tibia and linked to the tibiofibular joint: its function is 

to offer a surface where muscles and ligaments are fixed [2]. 

 

Figure 1 - Structure of the knee joint [4]. 
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If we considered the knee joint without menisci, it would be unstable because the surfaces of 

the tibia and femur which are in contact do not adhere exactly, due to the presence of the 

protuberances. In fact their most important task is to improve the surface of contact between 

the femoral and the tibial condyles in order to facilitate the articulation between the femur 

and the tibia, but also to direct the range of motion of the knee. In this way, menisci allow 

the stability of the knee [6].  

Coronary ligaments attach menisci to the tibia: these connections restrict the relative motion 

existing between the tibial surface and the menisci (Figure 2). Furthermore, while a stronger 

link exists between the edge of the medial meniscus and the medial collateral ligament 

(MCL), the lateral meniscus is not attached to the lateral collateral ligament (LCL): this 

justifies the higher mobility of the latter [2]. 

                                                                         

 
Figure 2 - Anterior view of menisci and ligaments  

[7]. 

 

 

The knee is a synovial joint which can be 

classified as uniaxial joint because it allows only 

the movements in one plane and a little rotational 

movement. Between the ends of the bones which 

are involved in the knee joint, there is a cavity 

containing the synovial membrane (Figure 3) 

which produces the synovial fluid: it plays the 

key role to protect and also feed the cartilaginous 

structures [3]. 
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                                                                            Figure 3 - Cut section view of the knee joint [5] 

 

The four leading ligaments made of collagen fibres play the primary role of ensuring the 

stability of knee joint: they avoid that any quick movements could affect the relative position 

of the structures to which they are attached, preserving the alignment of the bones [8]. 

The ligaments which connect two bones each other are classified as follows: 

 the medial and lateral collateral ligaments secure the medial and the lateral stability 

of the knee respectively; 

 the anterior and posterior cruciate ligaments, placed in the centre of the knee, keep 

the knee stable during the anterior and posterior movements. 

In addition, MCL and LCL together with ACL and PCL avoid excessive rotation during the 

extension [6]. 

The performance of the knee movements is allowed by the presence of the muscles together 

with the tendons, an assembly of fibres, which ensure the attachment of the muscles to the 

bones (Figure 4). Although the tendon and the ligament are fibrous structures, the main 

difference is that the former connect the muscle to the bone, the later attachs two bones [9]. 

 The knee extensor is the quadriceps which consists of four muscles: the vastus 

medialis, the vastus intermedius and the vastus lateralis and the rectus femoris which 

are located in the anterior part of the thigh. These muscles share a tendon which is 

connected to the patella and the tibia. The quadriceps are responsible for the extension 

of the leg. 

 The hamstrings is characterised by three muscles which are placed in the posterior 

part of the thigh: their function is to guide the flexion movement [2,6,9]. 

 

Figure 4 - Lateral view of the knee: muscles and tendons [9]. 
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1.2 Knee kinematics 
 

The knee joint is very complicated to model because it consists of three rigid bodies: patella, 

femur and tibia and due to the presence of ligaments, tendons, menisci and muscles which work 

all together in order to allow the motion of the knee during the activities of daily life.  

Observing the tibiofemoral movement, the knee joint kinematics can be analysed by six degrees 

of freedom movement which is characterised by three rotational movements: flexion-extension, 

external-internal rotation and varus-valgus rotation) and three translations: anterior-posterior, 

medial-lateral shift and superior-inferior translation, [11] as shown in the Figure 5. 

According to the literature [12], Grood and Suntay described the motion of the knee joint 

defining an anatomical coordinate system. It is not a fixed coordinate system, but it consists of 

two fixed body axis (tibial mechanical axis around which occurs the internal – external rotation 

of the tibia and flexion – extension axis which corresponds with transepicondylar axis of the 

femur approximately) and a third floating axis, obtained from the previous axes through the 

right hand rule. 

The complex interactions between the different components of the knee joint can be simplified, 

considering the resultant transmitted forces and torques by the several structures which take 

action during the motion of the knee [10]. 

 

 
Figure 5 – Knee joint coordinate system and degrees of freedom [12]. 
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1.3 Revision Total Knee Arthroplasty (rTKA) 
 

 

The leading aim of Total Knee Arthroplasty (TKA) is to reduce pain, guarantee a stable knee 

and also restore the normal range of motion. TKA is a surgical treatment which is required 

when serious diseases, such as osteoarthritis, affect the physiological performance of the knee. 

The outcomes achieved through this surgical practice should last for a long time, but it could 

occur that the implanted prosthesis fails [13], due to different causes. When it happens, the knee 

becomes unable to performance the normal daily life activities and so a revision surgery is 

necessary. 

 

The prostheses implanted during a primary TKA is chosen according to the disease that affects 

the knee, the extension of the bone deficiency and the age of the patient.  

The three main kinds of knee prostheses used, are classified as follows: 

- Unconstrained prostheses: implanted when a very small part of cartilage or tissue is 

damaged (uncompartimental knee arthroplasty), keeping the original frame of the 

articulation; 

- Semiconstrained prostheses: adopted for superficial joint replacement and they are 

divided in two groups in accordance with the necessity or not of removing the posterior 

cruciate ligament; 

- Constrained prostheses: used when there is a big extent of bone deficiency and the knee 

stability is affected seriously [14]. 

 

During the primary surgery, the surgeon removes the damaged surfaces of the tibia and the 

femur and resects them in order to fit to the surfaces of the implanted components, using special 

tools (Figure 6). 
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Figure 6 – Steps of primary Total Knee Arthroplasty [15]. 

 

Although Revision Total Knee Arthroplasty is a surgical procedure which is performed to 

achieve the same aims of the primary TKA - for instance to ensure adequate range of knee 

motion during the normal activities and to reduce pain – revision TKA is much more 

complicated than primary TKA because surgeons have to plan the surgery carefully and they 

have to adopt special surgical tools [16]. 

According to the mechanism of failure of the primary knee joint replacement, the extent of bony 

defects, a full or partial replacement of the components of the prosthesis (femoral, tibial and 

patellar) could be necessary (Figure 7). 

 

 

Figure 7 – Components of prosthesis during a primary TKA [16]. 

 

 

 

1.3.1 Management of bone defects 
 

 

When rTKA has to be performed, new implant stability and fixation could be compromises by 

a severe bony loss. This goal represents a hard challenge to deal with surgeons since it 

compromises components’ right alignment and does not provide a good stability at the interface. 

The method of bone reconstruction and the kind of material for rTKA had to be also chosen 

according to patients’ life expectancy and everyday activities.  

In most cases remaining bone is of low quality, so the aim of rTKA is to preserve residual bone 

and to reconstruct the lacking bone in order to achieve long-term outcomes. In less severe cases 

(bone defects less than 5 mm) the surgeon can intervene using more cement (with or without 

screws). However, it cannot provide good long-term results and it is often used for elderly 
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people. In more severe cases (bone defects greater than 5 mm) augments are implanted or bone 

grafts are used. 

The evaluation of surgical treatments is challenging because of the lack of a well-defined bone 

defect classification. The AORI (Anderson Orthopaedic Research Institute) classifies bone loss 

according to the severity of bony insufficiency observed in the revision surgery. The three 

categories are described in the table below. 

 
Table 1 – Bone loss classification according to AORI [87]. 

 

 

 

Several studies [87, 88] demonstrated the absence of differences between the use of bone grafts 

and cement in the first two type of defects, but the former methodology is biologically better. 

It allows a load transfer more physiological, even if they can lead to transmission of viral and 

bacterial infections. The use of augments provides a quick application, but problems linked to 

wear and corrosion could occur. Angled wedge augments lead to shear stresses and leave distal 

bone unloaded, while step wedge augments could need of a major bone resection, but they make 

compression forces to act at the interface. Hockman et al. studies [89] demonstrated that the 

combined use of modular augments and structural allograft increased rate of implant survival. 

Rand et al. [90] found that 100% of patients with augments including wedges augments 

reported positive results. On the other hand, Brand et al. [91] noticed that wedges augments 

were better for elderly patients with severe peripheral tibial defects. 

Cuckler et al. [93] suggested that the use of augments is more appropriate if 40% or more of 

the implant-bone projection is not supported by remaining bone, or when 25% or more of the 
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cortical rime shows peripheral defects. Other studies [94,95,96] claimed the use of rotating-

hinge or custom-made prostheses in patients with severe defects because they assure a better 

mechanics and survival. Nonetheless, custom-made implants are expensive and require more 

time for realisation. Furthermore, they could not fit well, so a more bone resection is necessary 

in order to have a good stability. 

More innovative methodology concerns the use of metaphyseal filling metal cones. They can 

provide a better components stability in the presence of large defects due to sclerotic bones. 

However, they require the use of cement in order to be fixed to the implant. It is possible to 

combine cones and porous materials (like porous tantalum) with the aim to improve 

metaphyseal fixation because it promotes and accelerates bony ingrowth [97]. These technique 

shows good short-term results for type-2B and type-3 defects [98], on the other hand the 

medium- and long-term results are not yet well-known [92]. 
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Chapter 2 

Porous Metals 
 

 

2.1 State of the art 
 

 

All over the world, people continue suffering pathologies which require the implantation of a 

prosthesis in order to relieve pain and re-establish the normal function of the joint. Therefore, 

a great challenge is to develop biomaterials which ensure a high performance of the implant 

and a long lifespan [44]. 

During the last decades, it has been observed a great development of porous biomaterials in 

orthopaedic field due to particular properties offered by porous metals, such as porosity, 

coefficient of friction and modulus of elasticity [18].  

Overall, porous biomaterials offer a variety of advantages which have revolutionized the field 

of total joint reconstruction, such as hip and knee replacements. These surgical practices allow 

the restoration of the joint function, bringing relief from pain, but to achieve a satisfactory result 

of these medical procedures is necessary to pay attention to biological fixation: coarse porous 

biomaterial surfaces have shown an enhancement in osteointegration [19]. 

A crucial aspect for the bony restoration is represented by the structure and the functions of 

bone: it is able to regenerate tissue in presence of some bone deficiencies but if serious 

pathologies, an extended bone defect or a cancer resection occur, bone grafting will be 

necessary [37]. 

 

The natural bone consists of composite material, as shown in the following Figure 8 organic 

material is composed by fibres of collagen while inorganic material contains hydroxyapatite 

which is composed by calcium, phosphorus and a lesser quantity of magnesium. These 

materials ensure a certain level of stiffness. As concerns the framework of the bone, it consists 

of:  

- cortical bone, composed essentially by calcium and phosphate, represents the outer rigid 

and dense part of the bone; it is characterised by a low porosity that accounts for 5-10% 

approximately.  
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- spongy bone is the internal part, characterized by a high level of porosity (around 50-

90%); in fact, its structure is organized in lamellar trabeculae composed by blood vessels 

and tissue. This porous framework allows to obtain a specific surface which is much 

greater than that of cortical bone. 

 

Nowadays, the great challenge is to be able to replicate a biomaterial with a structure which 

resembles to that of the original bone as much as possible [46]. 

 

 
Figure 8 – Composition and structure of the natural bone [46]. 

 

 

In order to achieve this goal, biomaterials have to fulfil different requirements: 

 Biodegradable, bioactive and biocompatible. 

 Non-toxic. 

 They have not only to close the bone defects but also to degrade constantly as the new 

tissue regrow, in order to preserve the bone capabilities. 

 Proper mechanical properties and stability with the purpose of offering support for the 

bone regeneration. 

 High porosity of the structure for ensuring the presence of void spaces, necessary for 

the proliferation of the cellular tissues and the formation of the cellular matrix, the 

vascularization, the supply of nutrients and the oxygenation, fundamental for the growth 

of the tissue. 
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 Implanted biomaterial and the cells have to react to each other in an effort to promote 

some processes, such as: proliferation and differentiation. 

 Osteinductivity plays a key role in the tissue regeneration because it ensures an 

appropriate correspondence between the biomaterial and the original bone, allowing a 

close fixation [46]. 

 

In orthopaedic field, revision surgery is conducted when primary surgery fails [20]: 

 

 Loosening: the implant loses the attachment to the underneath bone (56.4%) 

 Dislocation (14.5%) 

 Infections (11.1%) 

 Fracture (8.8%). 

 

Due to the complexity and the additional expense of this surgical procedure, people who require 

a total joint replacement desire that the implanted prosthesis has a longer lifespan in order to 

avoid the revision surgery. 

For the purpose of tackling these challenges, porous biomaterials play a key role especially in 

orthopaedic applications because the mechanical properties shown demonstrate their ability to 

overcome the drawbacks of solid metals, for instance: stress shielding, loosening of the implant, 

low volumetric porosity, high modulus of elasticity, limited bone ingrowth and 

osseointegration. In fact, these materials offer a porous surface that facilitates the locking 

between the host bone and the implant [21, 22]. Furthermore, biomaterials offer another 

important property: permeability, necessary to feed and oxygenate the cells provided by the 

porous biomaterial, in order to replicate the behaviour of the bone [17].  

 

 

 

2.2 Metal properties necessary for orthopaedic applications 
 

 

During the last decades, porous metals have experienced a great success due to the 

improvements which they have allowed in total joint arthroplasty: they have enhanced several 

functions, for example: the attachment of the implant to the bone, the osseointegration and a 

longer lifespan of the implanted prosthesis [32].  
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To ensure the success of a total joint replacement is necessary that the material, used for the 

manufacturing of the prosthesis, fulfils those requirements (previously mentioned), which are 

explained thoroughly in the following paragraph. 

 

 The permanent attachment of the implant to the bone is fundamental in order to avoid 

that the transfer of the load could cause relative movements between the prosthesis and 

the underlying bone [23]. The direct contact between the implant and bone, known as 

“osteointegration”, depends on:  

- Prosthesis shape and size; 

- Manufacturing procedure of prosthesis; 

- Materials used for the manufacturing of prosthesis;  

- Characteristics of the interface bone – implant. 

 

 During a surgical procedure an ideal prosthetic component, implanted in order to restore 

a bone defect, should perform in the same way of the original bone in terms of 

transferring and spreading load to the underneath bone. Actually, the implanted 

prosthesis distributes loads in a different manner: it is linked to the fact that prosthetic 

stiffness is higher than that of original bone which has been replaced by the prosthesis. 

In this way, implant carries much of the applied load due to its greater stiffness and so 

it is overloaded, while the surrounding bone is subjected to lower loads [24]. Hence, 

this leads to the phenomenon called “stress shielding effect”: the decrease of the stress 

over the bone which surrounds the prosthesis, causes a gradual bone loss with the 

passing of the time [25]. 

 

For instance, during the surgical treatment of revision TKA it could be possible to 

implant a long stem into the tibia, in addition to the tibial, femoral and patellar 

components in order to ensure an enhanced attachment between the prosthesis and the 

host bone [26]. A finite element analysis is carried out in order to compare the different 

response of the host bone in terms of stress distribution, considering different 

characteristics of the stems. By comparing the intact tibia with the configurations with 

prosthetic implants, it has been proven that the effect of stress shielding has resulted in 

a reduced density bone (Figure 9) and a decrease of load nearby the tibial component, 

that compromises bone integrity [27]. 
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Furthermore, the phenomenon of stress shielding leads to the lack of mechanical 

stability, in addition to the bone demineralization. 

 

 
Figure 9 – Comparison between the intact tibia and the tibia 2000 days after the insertion of the implant, looking 

at bone loss (BAF – bone area fraction) [28]. 

 

 

 The ideal porous metal has to be biocompatible: it must react with host bone without 

causing inflammatory reaction when the prosthesis is implanted, but it must be 

bioactive, i.e. promoting cellular regrowth, the vascularization and it has also to be 

osteoconductive and osteoinductive. It has to be capable to ensure the osseointegration 

with the underlying bone, but it must not have dangerous and toxic impact to the 

surrounding bone [31]. 

 

 The implant material should have mechanical properties (in terms of strength and 

stiffness) which are as similar as possible to those of host bone [32]. In fact, bone 

presents a structure that is characterised by a cortical bone (strength: 52 – 219 MPa and 

stiffness: 7.1 – 27.6 GPa) and a cancellous bone with lower properties (strength 1.6 - 

3.9 MPa and stiffness: 0.1 – 10.4 GPa) [33]. It is fundamental that stress distribution 

over the implant and the surrounding bone resembles as much as possible to that of the 

original bone in order to avoid bone resorption (stress shielding effect) and to stimulate 

bony regeneration [32].  
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 The implanted material modulus of elasticity plays a key role to prevent the risks related 

to the stress shielding. This issue has been tackled by designing prostheses defined 

“isoelastic”, i.e. they show a Young modulus which is similar to that of bone [23]. For 

example, while stainless steel, cobalt-chromium and titanium alloys show an elastic 

modulus which is higher than that of bone, bone cement (PMMA) Young modulus is an 

order of magnitude fewer than that of bone [29]. If there was a mismatch between the 

implant elastic modulus and that of original bone, this could cause implant loosening 

[33]. In order to avoid this issue, it is fundamental that Young modulus is similar to that 

of bone, between 10 and 30 GPa) [34]. According to some studies, conducted by Brett 

Levine [47], he discovered that materials with trabecular structures have elastic modulus 

which is similar to that of cortical bone or cancellous bone [34]. 

 

 

 Another important role is played by the porosity: it represents the ratio between the pore 

space volume and the total volume of the considered material and it is characterised by 

three different kinds of pores: closed, through and blind pores. The crossing of fluids is 

partially and totally allowed by the blind and through pores, respectively. In orthopaedic 

field, “open porosity” is widely used because it helps the regeneration of bone tissue 

(osteointegration), by promoting the vascularization and the growth of cells. To 

safeguard the restoration of bone tissue is necessary to keep under control size, 

interconnectivity and distribution of the pores. Furthermore, mass transport properties 

(such as permeability and diffusion) are fundamental for ensuring the growth and the 

feeding of the cells [31]. Recent studies have demonstrated that bone ingrowth is 

facilitate by those surfaces which are characterised by a higher curvature [33]. Porosity, 

Young’s modulus and mechanical strength are related. In fact, it is important that the 

ratio between porosity and strength is appropriate in order to give the opportunity of 

using these materials for orthopaedic applications. For instance, porous structures 

realized by sintering procedures present a lower level of porosity, as compared with that 

obtained through other technologies, due to the morphology of the adopted powder 

(shape and dimension). Electron or laser beam melting manufacturing processes ensure 

a high level of porosity because they are influenced only by the three – dimensional 

models [34]. 
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 To achieve a good mechanical stability at the contact surface between the implant and 

the bone, interface bonds play a crucial role. Some technologies, such as EBM and lost 

wax casting, and those which realize a partial remelting of the underlying layers allow 

a proper interlocking. Other processes need appropriate treatments [34]. 

 

 Moreover, another important material property is the roughness of the prosthesis 

surface because if it were smooth, the implant would not attach to the host bone and 

relative sliding movements could occur, leading to the stress shielding [23]. If the 

contact surface between the prosthesis and the underlying bone were porous, the 

biological fixation could be more effective, keeping more stable the mechanical contact 

[31]. A technological solution widely adopted is the use of hydroxyapatite coatings 

(Figure 10): hydroxyapatite, a calcium phosphate which has the same chemical 

composition of the mineral bone, so it is able to establish strong chemical bonds between 

the implant and the host bone tissue. This kind of coating facilitates osseointegration 

[30] but on the other hand, superficial roughness plays a key role in fatigue cycle: it 

could cause the initiation of a fatigue crick [34]. 

 

 

                             (a)                                                                                 (b) 
 

Figure 10 – (a) hydroxyapatite coating on the surface. (b) microstructural features of the hydroxyapatite coating 

on a Ti6Al4V [30]. 

 

 

 Corrosion and biocompatibility: nowadays, CoCr and titanium alloys are adopted for 

orthopaedic applications because they are biocompatible but also they allow a high level 

of corrosion strength. A crucial aspect is about the metallic ions scattered during the 
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chemical reactions which occur. They could be harmful for the healthcare of the human 

body: these elements would cause the appearance of little defects over the implant 

surface. This effect, called “pitting”, could compromise the mechanical stability and it 

occurs in porous morphology because of the ratio between the area and the volume is 

high particularly, if it is compared to that of metallic bulk materials [34]. 

 

 Production expense should not be particularly expensive and furthermore the surgical 

procedure that has to be adopted, should be easy and simple to replicate [32]. 

 

In summary, the greatest challenge is to achieve a proper trade – off between the several features 

which are required [34]: 

 

- Tensile, torsional and fatigue strength in order to support the different loads to which 

prosthesis is subjected; 

- Low modulus of elasticity to avoid stress shielding effect and consequent bone 

demineralization; 

- High interconnected porosity to enhance a stable fixation of the implant to the bone; 

- Corrosion strength; 

- Biocompatibility. 

 

 

 

2.3 Manufacturing technologies  
 

Porous metals which are used orthopaedic field are generated adopting different production 

processes whose complexity is related to the size, distribution and interconnectivity of the pores 

which plays a key role in the osteointegration [31].  

 

 Porous beads: the raw material adopted to realize porous beaded surfaces is a CoCrMo 

alloy. The first production step consists in the addition of a ligand which has the property 

of being soluble in water, in order to attach the beads to the implant’s surface, applying 

a mechanical force. This ligand allows the adhesion between the particles of powders: 

it is a sort of glue. After that, this film is exposed to a sintering process in order to 

facilitate the evacuation of the ligand and the phenomenon of diffusion between these 
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beads and the underlying implant surface. This process is realized in a vacuum chamber 

and it takes place due to the fact that the component has been heated up until high 

temperature. This procedure is reiterated in order to obtain the necessary coating 

thickness. It is also characterized by a framework with a porosity that is approximately 

35% and a pore size of about 425 µm: this allows the attachment between the prosthesis 

and the surrounding bone [19]. 

 

 

Figure 11 – Sintered Co-Cr beads [19]. 

 

 Wire arc deposition: during this manufacturing process a row metal material is 

sprinkled in order to achieve the desired roughness of the implant surface. This coating 

(Figure 12) is obtained through the melting of a collection of titanium particles, using a 

special gun: it is continuously supplied by two CPTi wires because they work as two 

electrodes in order to form an electrical arc. Afterwards, there is a pulverisation of the 

titanium particles through the passage of a high pressure inert gas (argon): these steps 

continue until the achievement of the appropriate thickness. This process is realized in 

a protected chamber, keeping under control different parameters [19]. 

 

 

Figure 12 – Arc deposited Ti [19]. 

 

 Plasma spray: this process involves the use of a specialized gun: it consists of two 

electrodes which form a plasma flame in which the Titanium powder, necessary to form 
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the coating, is injected. A constant stream of plasma heats the particles of powder, and 

after that the molten material, accelerated properly, is pressed onto the surface which 

needs to be coated where this powder solidifies (Figure 13-a). This process is carried 

out into an inert chamber in order to avoid every kind of contamination [19]. Keeping 

under control the processing parameters, a porous coating is realized (Figure 13-b). 

 

 

Figure 13 – (a) Plasma sprayed Titanium [19]  – (b) Regenerex structure (Biomet) [34]. 

 

 

 Fiber metal mesh: It is another method to manufacture porous coatings: it is a process 

based on solid state diffusion in order to join the porous cluster – which consists of 

metal fibres of Commercial Pure Titanium – and underneath surface [18,19]. The goal 

is to achieve better mechanical properties, improving osteointegration. The coatings 

could be realized using fibres of Titanium and the obtained porosity is around 50% 

(Figure 14a). On the other hand, it is possible to use a powder of Titanium: the porosity 

is monitored by controlling the pressure that is adopted to mold the product. The 

porosity that is possible to reach is about 55% (Figure 14b) [19]. The process is conduct 

in a vacuum chamber [18]. 

 

 

Figure 14 -  (a) Diffusion – bonded CPTi fibres  - (b) Diffusion – bonded CPTi powder [19]. 
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2.4 Advanced manufacturing techniques of porous metals and 

coatings 
 

The innovative field of biomaterials is constantly evolving because of the need to treat particular 

pathologies: the contact surface implant – bone is the most critical and the positive outcome of 

the total joint arthroplasty (for instance knee, hip, shoulder) depends on the efficacy of this 

fixation. The contact surface has been revolutionized: at first, it was smooth and so the bond 

prosthesis – host bone was weak. Then, it has become rough, allowing a better adhesion, and 

recently, the research has led to a porous surface. The idea is to combine metals and non-metals 

in order to put together the advantages of both materials: metals which are characterized by a 

high strength and polymers, with the purpose of achieving a higher capacity of osteointegration 

[37]. In order to achieve these goals is necessary that the material is characterised by 

interconnected pores with the purpose to allow biocompatibility, vascularization, fluid flow and 

osteoconduction and tissue formation [38].  

Particular attention is payed to biomaterials characterized by high porosity which could be 

subjected to a chemical treatment with the target of improving the tissue ingrowth, mechanical 

stability and reducing the risk of infection [37]. This purpose has led to the development and 

the combination of different approaches in order to guarantee a longer lifespan of the implant 

[37]. Among the several available manufacturing techniques, those which involve the 

production of open porous morphology will be argued in the following paragraph. The 

technologies which are used in orthopaedic field can be classified in: 

- Non additive or traditional methods; 

- Additive manufacturing procedures. 

 

 

2.4.1 Non AM procedures 
 

The main difference between these two groups is the fact that AM techniques allow to control 

more accurately the sizes, shape, distribution and connection between the pores. The level of 

porosity that it is possible to achieve through these procedures is lower than that of AM 

techniques [33]. In the following, some of these processes are described. 

 

  “Space holder technique”: this process requires a blending of metal powder and a space 

holder material which could be metallic or not [35]. This technique gives us the 

opportunity of fabricate metal component characterized by a distribution of pores which 
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is not homogeneous: the obtained metal product presents a high open porosity [31]. 

Some pre admixtures are added in order to reduce friction and to promote bonding [35]. 

The next step consists in applying a high pressure in order to compact the mix, obtaining 

the “green part”. The following step is “primary sintering”: a heat treatment is conducted 

with the purpose of dissolving the holder material, while the metallic particles remain 

attached. Then a high temperature sintering is carried out to achieve the desired density 

level [31,35]. In this way, it is possible to realize a high porosity (60-80%) [31]. 

High porosity metal foams are produced by this method: this structure, characterized by 

interconnected pores which lead to a high surface density and the open cell framework, 

favours heat diffusion (mechanism shown in Figure 15) [36]. 

 

Figure 15 – Metal foam: structure (left); mechanism of flow mixture (right) [36]. 

 

 Replication: this method is similar to the previous one – it consists of three stages: at 

first we have the preparation of the model, then there is the infiltration and finally it is 

necessary to remove the model, reaching the desired level of porosity. This approach is 

used to produce porous titanium and titanium alloy components [31]. For instance, 

polyurethane foam (Figure 16) is used as a binder: it is coated by a layer of Titanium 

powders and it is evacuated through a thermal treatment in order to obtain the desired 

metallic structure [19]. 

 

 
Figure 16 –Polyurethane foam is used as a sacrificial material [19]. 
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 Combustion synthesis: a technique which is adopted to realize a high level of porosity 

using especially powder mixture of Ni-Ti alloys. It is based on an exothermic reaction 

which involves this mixture, obtained by mixing and pressing the powder and the 

binder: thermal explosive reactions involve the entire mixture as a combustion wave 

[31]. 

The type of structure that it is possible to achieve is showed in the following Figure 17. 
 

 

Figure 17 – High level of porosity reached by the combustion synthesis [38]. 

 

 

 Chemical vapour deposition: it is a process which leads to the deposition of a solid 

material onto the surface that must be coated, through a chemical reaction between the 

heated substrate and a reactant gases carried by a carrier gas. Keeping under control the 

parameters of the gaseous reaction is it possible to vary the porosity of the coating layer 

[31, 39]. 

 

 Freeze – drying technique: This is a method which is applied to produce porous 

scaffolds. It involves the use of polymers which are dipped into a solvent. The porous 

framework is obtained from this mixture dissolving the solvents through a freeze drying 

process: at first, the material is iced and then, adequate heat is provided in order to allow 

the sublimation of the material, achieving the desired porous structure (Figure 18). In 

the emulsion – freezing (a similar process), it is necessary less time for preparation of 

this admixture and better interconnection of the pores [40]. The level of porosity 

achieved in these scaffolds is higher than 90% [31]. 

 

 

Figure 18 -  Scaffolds produced through emulsion freezing/ freeze – drying method [41] 
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 Electrospinning: it is a technique which produces electrospun nano size fibres, 

characterized by a high porous structure. This process starts with polymers mixture 

where salt particles (NaCl or CaCO3) are added. A key role is played by these salt 

particles in achieving a particular pore size and distribution (Figure 19) [42]. 
 

 
Figure 19 – Porous structure of electrospun fibres [42]. 

 

 Lost-wax casting: the most relevant feature of this technique is the possibility to produce 

complicated structures due to a mould which is realized through a model. The wax is 

poured into the mould in order to produce the wax model. After that, it is coated with 

refractory ceramic. Subsequently, metal is melted and poured within the model and 

finally the wax is dissolved. In order to obtain a trabecular structure (Figure 20), it is 

possible to use a wax model realized with trabecular features [34]. 

 

Figure 20 – Trabecular structure obtained through low – wax casting [34] 

 

 

 

2.4.2 AM procedures 
 

 

In order to allow a better performance of the implanted prosthesis - better restoration of bone 

deficiencies, a relief of the risk of infection a long term survival of the implant - has been 

developed a production process called 3D printing [43]. This manufacturing technique gives 

the opportunity to create complex morphology with a correspondence between the 

characteristics of the bone which is necessary to restore and the implant, by overcoming the 

limitations encountered with the bio – inert materials (Ti and CoCr alloys). 
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As stated above, 3D printing is a layer-by-layer technique which ensures not only a monitored 

size and distribution of the pores, allowing a framework which replicates the matrix of the lost 

bone and hence a better osteointegration, but also mitigates the risk of the shear stress effect. 

By starting from computer tomography (CT) scans of the patient, data are collected in order to 

produce a 3D model which replicates the real anatomical morphology. Then, the CAD model 

is converted in data which can be read by rapid prototyping machines. Through this procedure, 

it is possible to provide a detailed check with regard to interconnected porosity necessary for 

bone regeneration and feeding fundamental for the regrowth of the new tissue [45]. 

One of the most critical aspect of this technology is the capability to reproduce a new vascular 

grid, means of channelling nutrients to the tissue: it is crucial for the success of the tissue 

regeneration. Nowadays, the realization of this network is a challenge for 3D printing because 

it must not undermine the vascular system that already exists. Compared to the traditional 

manufacturing processes, 3D printing is able to create routes within the structure. This process 

is more expensive than conventional methods because it requires the use of special tools and 

the gathering of data necessary for the replication of the model, but on the other hand it has 

been noticed an enhancement of the surgery result, avoiding the risk of a secondary surgical 

practise [44]. 

 

Other AM technologies are represented by Selective Laser Melting (SLM) and Electron Beam 

Melting (EBM), based on the use of a powder bed. They are able to produce a very porous 

structure, built in the following way: 

- A powder layer is deposed on a solid platform;  

- A fiber laser or an electron beam is used to melt the powder where is necessary, 

following what is showed in the CAD file; 

- In order to allow the compaction between the layers, it is carried out a partial recast of 

the previous layer; 

- The platform goes down and another layer of powder is deposited. 

 

The process continues until the whole product is replicated. The EBM process is conducted in 

a controlled atmosphere in order to avoid the dispersion of the electron beam [33]. 
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2.4.3 Surface modification treatments 
 

 

In order to develop the capability of the biomaterials of being “bioactive”, surface treatments 

are conducted: they are processes which are able to preserve the material mechanical properties, 

by modifying the chemical composition and the structure of component surface [20].  

 

Calcium phosphate coatings: in orthopaedic field, hydroxyapatite (HA) and tricalcium 

phosphate (TCP) are those which are particularly adopted. In order to achieve the purpose of 

making more effective the bone regeneration, these ceramics allow much closer bonds between 

the surface implant and the defect site due to specified chemical reactions which occur when a 

little hydroxyapatite layer is implanted [30] Hydroxyapatite promotes some phenomena which 

are crucial for bone osteointegration, such as differentiation and proliferation, because it is a 

material which resembles mineral bone in terms of calcium and phosphate percentage (Figure 

21). This improves the bio-activity of the material, by allowing strong bonds between the host 

bone and the implant [20]. 

 

 

Figure 21 – Calcium phosphate onto a metallic alloy [20] 

 

Several techniques are adopted to realize this HA coating on the surface of a porous biomaterial 

in order to promote the bioactivity. Some of them are summarised up as follows: 

o Electrodeposition: process which ensures the deposition of the desired coating onto the 

metallic substrate, by taking advantage of the electrical conduction of the material for 

the passage of the electric current.  

The adopted electrochemical cell consists of two electrodes and a supersatured solution 

of an electrolyte: 

 

- The cathode represented by the material which needs to be coated; 
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- The anode is necessary to close the electric circuit; 

- An aqueous solution which works as an electrolyte. 

 

Through the passage of the electric current, the oxidation reaction occurs at the anode, 

while the reduction reaction happens at cathode: this is responsible for the 

electrodeposition process [48]. 

 

o Biomimetic: this process consists of two stages with the aim of making the biomaterial 

bioactive, necessary property for the realization of a strong interface bonding. The first 

one involves a superficial preparation of the orthopaedic implant surface in order to 

activate the external surface of the biomaterial with the purpose of forming apatite, 

subsequently [49]. The second phase requires the use of a solution which is similar to 

the human blood plasma, called simulated body fluid (SBF), in which the biomaterial is 

plunged: in this way, the apatite coating occurs. This technique gives the opportunity of 

producing a bone like hydroxyapatite layer [20]. 

 

o Sol gel method: the deposition of the hydroxyapatite coating is obtained at low 

temperature in two different ways. It is possible to use organic or inorganic precursors 

in a colloidal solution, as reactants. Several studies were conducted analysing the effects 

of these precursors in order to choose the most effective coating. The hydroxyapatite 

layer, obtained by using inorganic precursors, showed a density which was lower than 

that realized adopting an organic solution, while both layers presented uniform 

composition [20]. 

 

o Titanium dioxide: titanium has the capability of reacting spontaneously with the 

surrounding atmosphere, forming a layer of titanium dioxide which protects the metallic 

substrate from corrosion. It also possesses some properties which allow it to interact 

with the tissue, forming a very strong bonding. Different treatments are applied in order 

to improve this property for the orthopaedic applications [50]. The deposition of this 

coating occurs on porous biomaterial through electrophoretic sol-gel coating method or 

anodization. This last method involves the use of an electrolyte: it is important to keep 

under control several parameters, for instance concentration, temperature, etc. Several 

studies were conducted in order to prove the effectiveness of this coating: TiO2 ensures 

a better fixation. According to literature, Lee et al. [20] manufactured porous titanium 
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by following a new manufacturing process which involved the use of a sacrificial 

polymeric sponge which was extended and then treated providing heat. After that, the 

porous titanium structure underwent the anodization process with the purpose of coating 

the metallic substrate with a layer of TiO2. 

Furthermore, TiO2 coatings provide a better performance of biomaterials in orthopaedic 

applications due to their capability of promoting cellular regeneration. In addition to 

their bio – activity, they are also able to avoid the diffusion of bacteria. These 

methodologies, applied to improve the behaviour of biomaterials, need to be designed 

thoroughly. Some researches carried out on biomaterials underline that the 

understanding of connections exiting between different bioactive materials is crucial for 

the production of orthopaedic implants [50]. 

 

2.5 Advanced porous biomaterials 
 

 

2.5.1 Limitations of Traditional Porous Metals 
 

Some solid metallic biomaterials (stainless steel, titanium and CoCr alloys) are applied in a lot 

of load-bearing surgical applications due to their capability of resisting to high tensile loads, to 

fatigue load cycles and to corrosion and being biocompatible. Despite these undeniable 

advantages, they are bio-inert and they are unable to establish strong bonds at the interface 

implant-bone. Consequently, this unsuitable fixation could cause aseptic loosening, osteolysis 

and other pathologies, which would result in the failure of the prosthesis [30]. Furthermore, the 

success of the implant could be compromise by the presence of Ti and CoCr alloys due to the 

inflammatory reaction and the risk of infections [44]  

 

In order to overcome these limitations, these metallic biomaterials can be subjected to the 

chemical superficial treatments (previously discussed): in this way, it is possible to allow 

bioactivity through the deposition of a porous coating. This modification leads to a strong 

implant-bone anchorage, a higher lifespan and a better osteointegration [20,51] 

 

Although the positive outcomes achieved through the superficial modifications, traditional 

porous biomaterials - for instance CoCr sintered beads, fiber metal and plasma spray Ti - 

continue to show different limits: 
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o They can be used only as porous coatings onto solid metals and not as bone graft 

substitute or bone augmentation because they do not have the adequate mechanical 

properties. 

o Limitations in terms of size and geometry. 

o Inability of responding to the modification of the surrounding environment. 

o Weak attachment of the implant to the host bone. 

o It is necessary to improve the level of porosity with the purpose of making the bone-

implant contact still more effective and more rapid. 

o Low coefficient of friction. 

o High elastic modulus which causes the stress shielding phenomenon [18,51]. 

 

In the following Table 2, mechanical properties of cortical and spongy bone, and some 

biomaterials adopted for orthopaedic implant are summarised in order to underline the 

mismatch existing between the elastic modulus of the bone and a lot of traditional biomaterials 

[20]. 

  

 

Table 2 - Mechanical properties of cortical and cancellous bone and some orthopaedic biomaterials [20] 

 

Some porous biomaterials available for orthopaedic applications are described in the following 

Table 3 [50,51] 
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Table 3 - Porous materials for orthopaedic applications [51]. 

 

Therefore, in order to allow long lifespan of the implanted prostheses, the idea is to exploit the 

advantages (high mechanical strength) and overcome drawbacks of traditional metallic 

biomaterials, by improving their morphology. It is necessary a high interconnected open cell 

porous structure to stimulate cellular regrowth allowing the supply of nutrients [20]. In order to 

manufacture this trabecular framework, at first a sacrificial model in polyurethane foam is 

realized and then its surface is coated by titanium or tantalum. The remarkable advantage is that 

in this way there aren’t limits on geometries and dimensions: this is fundamental in the 

orthopaedic field. These structures, characterized by a high level of porosity (60-80%), ensure 

a high coefficient of friction, a stronger interlocking between the new prosthesis and the 

surrounding bone, a higher resistance to the bacteria, a better osteointegration and a lower 
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Young’s modulus which should be similar to that of cancellous bone as much as possible 

[18,20]. 

As described previously, a key role is played by additive manufacturing technologies because 

they allow to fabricate complex structures characterized by an open porosity, fundamental for 

ensuring: a low Young’s modulus in order to reduce the risk of stress shielding effect, the 

necessary mechanical resistance, a higher coefficient of friction, important for a stronger 

attachment and a longer lifespan. 

 
Figure 22 – Young’s modulus of new porous biomaterials [33] 

 

 

Looking at the Figure 22, we can see that the stiffness ensuring by these new porous metals is 

lower than that of solid metals of around an order of magnitude. 

For the reasons stated above, different new porous metals have been developed for the 

realization of orthopaedic implants. Some of them are mentioned in the Table 3 and they are 

described in detail in the following paragraphs. 

 

2.5.2 Trabecular Metal (Zimmer Biomet) 
 

Tantalum represents a biomaterial of great interest for surgical applications due to its capability 

of resisting to corrosion because it is able to manufacture a protective layer Ta2O5 itself [44]. 

Furthermore, it allows a strong contact at the interface bone-implant, ensuring a better bone 
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ingrowth and fixation which could improve the survival of the implant [52]. In addition, it could 

be used not only as a porous coating but also as standalone material, especially for joint 

replacement. A harmful aspect for the orthopaedic applications is its high Young’s modulus 

(186 GPa) which will cause the stress shielding effect because its mismatch with that of cortical 

(12-18 GPa) and spongy (0.1-0.5 GPa) bone [44]. 

Zimmer Biomet has manufactured a porous biomaterial, known as Trabecular Metal TM 

which is tantalum characterized by a high open porosity. The process adopted to produce this 

porous material consists in the manufacturing of a reticular polymer foam - which shows a 

structure with internal interconnected pores – and then, CP tantalum in poured onto the surface 

of this polymer scaffold via the process of chemical vapour deposition [18, 19]. The advantage 

is that this material could be used to produce several kinds of knee prosthesis in terms of shape 

and size. Furthermore, its structure is close to that of cancellous bone as it is possible to notice 

in the Figure 23 [53]. 

 

 

(a)                                                  (b)                                                                                  

Figure 23 – (a) Cancellous bone – (b) Trabecular Metal TM [53] 

 

Trabecular Metal properties could be summarized as follows:  

 The modulus of elasticity (3.1 GPa) is similar to that of cancellous bone but lower than 

that of cortical bone, as shown in Graph 1. The elasticity is lower than that of titanium, 

and CoCr alloys. This causes a decrease of the risk of the stress shielding effect. It could 

also be seen a comparison between different alloys [53] 

 Interconnected porosity between 75% and 85%: it allows a better ongrowth (strong 

bonds at implant-bone interface) and ingrowth (Figure 24) [52,53]. 

 Fibrous tissue ingrowth: Hacking et al [54] discovered that porous tantalum ensures a 

high tissue ingrowth not only at the interface but also within the prosthesis, with a 

consequent stronger fixation. 
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(a)                                                        (b) 

Figure 24 – Structural features of Trabecular Metal compared to that of cancellous bone: (a) morphology of  

Trabecular Metal – (b) osteintegration [53]. 

 

 

 High coefficient of friction around 0.88 which ensures a stability that is higher than that 

of sintered coatings (0.60) and a better longevity of the implant, and also a higher 

endurance to physiologic loads [18,52]. 

 High mechanical strength: if we look at compressive strength, we can see that it is 

around 50 – 80 MPa midway between that of cortical (130-150 MPa) and trabecular 

bone (10-50 MPa) [53]. A comparison between the mechanical properties of different 

biomaterials available in orthopaedic field is shown in Table 4 [52]. 

 

 

Table 4 – Mechanical properties of different biomaterials available in orthopaedic field [52] 

 A good corrosion resistance: tantalum differs from other biomaterials due to its 

passivation – it is able to protect itself from corrosion, realizing an inert protective layer 

Ta2O5 [52]. 

 A high level of biocompatibility and bioactivity: ability to establish strong bonds 

between implant and bone, allowing a strong attachment via the formation of a layer of 

apatite which mimics the composition of the mineral bone. 
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Graph 1 – Young’s modulus of different biomaterials available in orthopaedic field [53] 

 

 

Applications of Trabecular Metal TM 

Several causes trigger the failure of primary total knee arthroplasty, such as osteolysis, 

loosening caused by the lack of bone ingrowth of the tibial component. Furthermore, for the 

attachment of the implant, some screws were necessary, so the holes realized for the 

implantation induced polyethylene wear and the risk of corrosion.  

In order to overcome the encountered limits during the implantation of the prosthesis in primary 

TKA, Zimmer Biomet develops a Trabecular Metal monoblock tibial component (Figure 26) 

which ensures: 

 a great level of stability. 

 a strong attachment. 

 a proper alignment. 

 low elastic modulus and high compressive strength reduce the risk of the stress 

shielding effect due to a better transfer of the loads to the proximal tibia. 

 Micromotion which occur at the interface bone – implant are reduced: this allows a 

decrease of the backside wear of the polyethylene. 

 Tibial pegs, made of Trabecular Metal, improve not only the initial stability, a stronger 

fixation but also the osteointegration (figure 25) [53]. 
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Figure 25 – Zimmer Biomet Tibial pegs structures [53] 

 

These positive outcomes are due to a thorough designing in order to allow a better stress 

transmission: polyethylene powder resin is pressed into TM tibial tray until a depth of 2 mm 

[52,53] 

 

 

Figure 26 - Zimmer Biomet Trabecular Metal Tibial Component [53] 

 

A drawback is represented by the impossibility of using additional screws, if it is necessary for 

an inappropriate initial stability or for a revision surgery [52,53] 

 

Moreover, Zimmer Biomet develops Trabecular Metal Monoblock Patella (Figure 27): a 

controlled process allows a close fixation of the polyethylene into the reticular structure of the 

Trabecular metal with a penetration of approximately 1.5 mm, avoiding the risk of any possible 

micromotions and separation between the implant and the metal [53]. 

         

(a)                                                                   (b) 

Figure 27 – (a) Compression molding process – (b) Trabecular Metal Patellar component [53] 
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Other applications involve the secondary surgery which is necessary to restore bone defects, or 

improper alignment of the joint line. Zimmer Biomet provides Trabecular Metal tibial, femoral 

and patella augments in order to repair large bone deficiencies, instead of bone grafts or those 

produced in titanium which need to be fixed with cement. Furthermore, tantalum augments can 

be fixed cement or not, or with screws. There are also manufactured Trabecular Metal tibial 

cones of different shape and size which are used to treat large cavitary injuries and which reveal 

a long term endurance. At first, the lesion is adapted in terms of shape and size to those of the 

TM cone and then the cone is pressed into the defect in order to fill the bone deficiency and 

allow a better stability of the prosthesis. They reproduce the bone structure and its elasticity, by 

guaranteeing a rapid bone integration [53]. 

In addition, Zimmer Biomet offers alternative solutions for treating total hip arthroplasty:  

 TM acetabular cups improve the bone reconstruction and they offer a higher support. 

 TM acetabular augments are another option to bone allografts, ensuring a closer direct 

contact bone – prosthesis. 

Zimmer Biomet also produces shoulder, dental and spinal solutions, which ensure a better 

stability, attachment and a more effective restoration of bone injuries, which are represented in 

the following Figure 28 – 29 [53] 

 

Figure 28 – Zimmer Biomet Trabecular Metal Tibial and Femoral Cones [53] 

 

                                                      

 

(a)                                      (b)                                     (c) 

Figure 29 – Zimmer Biomet Trabecular Metal (a) Revision solutions – (b) dental implants –  

(c) spine devices [53] 
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2.5.3 Tritanium (Stryker)  
 

 

Several studies, conducted using animal models in order to analyse thoroughly the properties 

and the evolution of the interfacial contact bone – titanium implant, showed not only an intimate 

contact between the prosthesis and the surrounding bone but also a good bone ingrowth. A bony 

regeneration occurs at the interface bone – implant because of natural response of the body to 

the presence of titanium. In fact, titanium alloys promote the growth of osteoblast cells which 

are responsible of the tissue formation, and this phenomenon is closely related to the surface 

roughness: the more it is high, the more the bone formation is encouraged. 

Therefore, the bone ingrowth capability of titanium alloys, which are able to resist to 

physiological loads, is improved by developing a porous metal which similar to bone in terms 

of structure and mechanical properties: Tritanium. This is the aim of the studies carried out by 

Striker: a new technology is developed in order to control the pore size of the structure and 

create a surrounding environment which improves bone regeneration [55].  

The process adopted to manufacture Tritanium consists of several steps: 

o A sacrificial scaffold is produced by modelling polyurethane foam to a structure 

characterized by a reticular and open porosity as shown in the Figure 30. 

 

(a)                                                                   (b) 

Figure 30 – (a) Polyurethane foam – (b) Sintered CP Titanium [19] 

 

o The commercially pure titanium powder is poured on the fabricated foam in order to 

create a fine coating through a low temperature arc vapour deposition. 

o All the structure is located onto the dense titanium alloy and subjected to a sintering 

process in order to remove only the polyurethane. 

o In this way, it is possible to obtain a porous material characterized by a substrate of Ti 

alloy, covered by a sintered commercially pure Ti as shown in the Figure 30. 
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Subsequently, after the addition of a polymeric ligand, all the assembly is subjected to a further 

sintering in order to ensure a stronger fixation of the powder. This phase is repeated until the 

achievement of the desired thickness, which is related to the attainment of the wished level of 

strength [19]. In this way, it is possible to control the size of the pores as it is possible to see in 

the following Figure 31. 

 

Figure 31 – Different sizes of the pores of the tritanium structure [19] 

 

Stryker develops an alternative process: a sacrificial foam, a polymeric ligand and CP Ti 

powder are mixed all together, poured in a cast and pressed under low temperature, by obtaining 

the “green part”. Then, it is subjected to a sinter process in order to ensure compaction of the 

powder [19]. 

One of the most important property is the binding existing at the interface bone – implant, 

crucial for the proper transfer of the loads between the prosthesis and the host bone. It is 

fundamental that the porous implant remains firmly attached to the underlying bone [19]. 

Looking at the material properties, they can be summarized as follows: 

o Initial stability is allowed by a very high coefficient of friction, if compared to that of 

sintered CoCr and titanium alloys, and Trabecular Metal (Figure 32) 

 

Figure 32 – Comparison between different biomaterials looking at the coefficient of friction [55] 

 

o In terms of elasticity, it ensures a Young’s modulus (6.2 GPa) which falls between that 

of cancellous and cortical bone (Figure 33) 
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Figure 33 - Comparison between different biomaterials looking at the elasticity [55] 

 

Stryker’s Tritanium In-Growth Technology has enhanced the biological attachment and tissue 

regeneration, producing a particular porous framework which is able to stimulate osteoblast cell 

proliferation (cells responsible of the tissue formation). So, Stryker tries to replicate the 

structure of the spongy bone as much as possible, by adopting additive manufacturing 

techniques. This technology manufactures controlled porous morphologies which resemble to 

that of cancellous bone with the purpose of maximising bone restoration. 

o Mean pore size range: 400 – 500 µm (compared to that of spongy bone 1 mm) which 

allows vascularization, fundamental for the transport of the nutrients to the tissue and 

the oxygen. 

o Interconnected porosity range: 55 – 65% which improves tissue regeneration [55]. 

 

Figure 34 – (1) Cancellous bone compared to (2) Tritanium structure [55]. 

 

o Tritanium material is also able to favour the capillarity necessary for the transport of the 

nutrients, which play a central role in the infiltration, attachment and proliferation of the 

osteoblasts through the pores of the Tritanium structure [55]. 
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Figure 35 – Tritanium In-Growth Technology: beneficial environment [55] 

 

 

2.5.4 Regenerex (Zimmer Biomet) 
 

 

Zimmer Biomet’ strategy aims to develop innovative solutions in order to create a 

correspondence between the patients’ needs and the technical assistance for the surgeons. Each 

solution has to comply with some requirements: 

 Surgical practice must be invasive as little as possible. 

 Use of advanced biomaterials. 

 Patients’ satisfaction [53] 

 

Regenerex is characterized by an advanced porous structure of the titanium alloys which can 

be used not only as a coating but also as an independent bone substitute. It is produced by using 

the same powder titanium alloy adopted in the porous plasma spray technology, developed by 

Biomet: it consists of the powder’s deposition on a sacrificial scaffold at a low temperature. In 

this way, it is possible to ensure the 90% of the mechanical resistance. Particles of different size 

impact the surface of the substrate, by ensuring a rough surface and a larger contact surface. 

These irregularities allow a strong stability and fixation between the host bone and the implant. 

Furthermore, the use of different sizes for the particles produces a structure characterized by 

smaller pores which are fundamental for the primary stability because they allow a faster 
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refilling of the bone defects, while the bigger pores ensure a long term attachment. Bone 

fixation plays a key role the transmission of the loads [53]. 

Regenerex material ensures the following properties: 

 Interconnected porosity of about 67%. 

 Average pore size: 300 µm which allows the formation of blood vessels. 

 

 

Figure 36 – Regenerex porous structure [53] 

 

 Rapid bone ingrowth: canine studies demonstrate that Regenerex prostheses already 

show bone integration and vascularization after two weeks from the implantation. 

 

Figure 37 – Regenerex bone ingrowth [53] 

 

 Roughness is 16% higher than that of Trabecular Metal.  

 

Figure 38 – Regenerex roughness [53] 
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 In presence of compressive loads, Regenerex structure shows a resistant capability that 

is 300% higher than that of Trabecular Metal: the elastic modulus is similar to that of 

cancellous bone: 1.9 GPa. 

 

 
Figure 39 – Regenerex mechanical properties [53] 

 

This advanced biomaterial can be used as bone substitute as acetabular augments in particular 

surgical applications, or as a modular tibial tray when dense titanium substrate is coated with 

Regenerex powder. This biomaterial could be used in knee, shoulder and hip arthroplasty. 

 

 

(a)                                                                       (b) 

Figure 40 – Regenerex (a) Tibial Tray – (b) Acetabular cup [53] 

 

 

 

(a)                                  (b)                                   (c)  
 

Figure 41 – Regenerex (a) Patella – (b) Cone Augments – (c) Acetabular Augments [53] 
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2.5.5 Gription (Depuy) 
 

 

 

Other advanced biomaterial is Gription which is fabricated by Depuy, used as a high porous 

coating for treating different bone deficiencies, in several surgical applications: total hip and 

knee arthroplasty. Depuy’s strategy combines three goals: 

 Advanced biomaterial. 

 Advanced instrumentation. 

 Advanced fixation [56]. 

The aim is to improve bone fixation, necessary especially for resisting under high compressive 

loads: an increase of the contact surface roughness enhances the coefficient of friction and so 

implant attachment to the bone because it promotes osteoblasts proliferation and attachment 

[18]. 

 

Figure 42 – Gription porous structure [18] 

 

Gription’s mechanical properties are summarized in the following Figure 43. 

 

 
Figure 43 – Gription’s mechanical properties [56] 

 

Gription biomaterial is adopted to fabricate: acetabular augments which are necessary to restore 

large bone defects, buttresses, adopted to provide support for shells and screws for a stronger 

attachment to the host bone in order to avoid a premature implant loosening [56]. 
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Figure 44 – Gription’ Acetabular augments, buttresses [56]. 
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Chapter 3 

Finite Element Modelling 
 

 

3.1 Introduction 
 

Revision total knee arthroplasty (TKA) is advised when aseptic loosening, infection, osteolysis 

occurs or when the range of knee motion is affected [58].  The extent of bone injuries determines 

which prosthesis should be implanted. Currently, a variety of solutions are commercially 

available:  

 Small bony deficiencies can be addressed with cement or allografts. 

 Broader defects can be dealt with augments, metal wedges, bone grafts or personalized 

prosthesis. 

 Stems and screws can be used to provide more stability [58,59]. 

With the purpose of achieving strong implant stability, modular augments and wedge are 

recommended when there is a lack of bone support which is more than 40% [58]. In fact, 

according to the Anderson Orthopaedic Research Institute (AORI) [60], femoral and tibial Type 

II and Type III bone deficiencies - which involve a major bone portion - would be more 

appropriately dealt with highly porous metal augments. Femoral defects occur on posterior and 

distal surfaces and they could be addressed with the attachment of metal augments. On the other 

hand, tibial bone deficiencies take place on the proximal side of the tibia and they are treated 

with metal wedge or rectangular block [58]. 

Nowadays, different shapes (rectangular or wedge-shaped) and sizes (several thicknesses), 

whose selection is related to the extent of bone defect are commercially available, while there 

are not guidelines for the selection of the porous material best fitting specific clinical 

requirements [59]. 

As detailed in literature, a variety of clinical research are carried out in order to show 

experimental evidence of the benefits obtained by treating larger bone defects with metal 

augments. For instance, Lee et al. [61] addressed proximal tibial defects ≥ 4mm with 

rectangular metal augments in 43 patients and he monitored them for the following five years: 

clinical results revealed that this surgical practise is fitting for peripheral tibial defects due to 
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the lack of failures. Sachiyuki Tsukada, Motohiro Wakui and Munenori Matsueda et al.[62] 

compared the clinical results of 33 knees subjected to a primary TKA by implanting rectangular 

augments for treating tibial bone defects to a control group characterized by 132 varus knees 

without bone deficiencies. These patients were monitored for a postoperative period of 3/6 

years: metal block augmented knees revealed clinical outcomes which were comparable to 

those of the control group. Furthermore, other research demonstrated that rectangular augments 

are able to ensure a torsional load transmission, tibial tray-bone, which is more suitable than 

that of the wedge-shaped augments. These kind of inserts allows a reduction of shear stress 

[62].  

The great challenge for revision total knee arthroplasty (TKA) is to provide adequate pain relief 

for the patient and ensure greater knee stability, proper alignment and a longer lifespan of the 

implanted prosthesis [58]. 

Nowadays, the use of numerical analysis, which is increasing due to the opportunity of having 

a simpler access to the computational data and the refinement of the calculation algorithms, 

encourages orthopaedic research in order to develop new strategies for treating knee pathologies 

much more efficiently. Over the years, these numerical techniques have undergone significant 

change: in the past, it was possible to carry out simplified bi-dimensional models which allowed 

to analyse only a single structure, while looking at the present, the implementation of detailed 

three-dimensional numerical models enable to reproduce and investigate the behaviour of 

tissues, biological multi-structures (bones, cartilages, ligaments) and multi-joint systems (knee, 

shoulder, hip) [63]. In particular, if we look at knee joint, this numerical analysis plays a crucial 

role in the design and validation of a prosthesis but it is very difficult to replicate the real 

behaviour of the joint due to its complexity. It involves a wide range of motions: primary 

movements (flexion and extension, rotation, anterior and posterior translation, varus and valgus 

movements) and passive motions (the ligaments and the articular surfaces interact with each 

other) [57]. 

Among several modelling approaches, finite element analysis (FEA) allows to deal with a 

variety of biomechanical problems which could compromise knee functions and the longevity 

of the implanted prosthesis. Therefore, FEA gives the possibility to analyse bone and implant 

stress distribution and interactions under different conditions, by comparing these results to 

those of a physiological knee. Finite element modelling represents a powerful tool through 

which is possible to develop clinical strategies and enhance the success of TKA, by ensuring a 

long-term stability and fixation of the implant [63]. Furthermore, in order to achieve all these 

goals, it is necessary a close cooperation between the clinicians and the engineers: each of them 
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has to be able to understand the specific language of the other. This communication could be 

summarized in the following Figure 45 [65]. 

 

Figure 45 – Interconnections between clinicians and engineers [65]. 

 

 

For the reasons stated above, this study will focus on the development of a 3D model of the 

knee joint where Type II and Type III tibial and femoral bone defects are addressed with porous 

metal augments because these biomaterials (described in the previous chapter) ensure a faster 

bone regeneration and they also need a little bony resection. Therefore, the aim of this work is 

to carry out a finite element analysis in order to investigate the change in tibial and femoral 

bone stress response to the placement of an augment. Bone stress distribution is investigated by 

considering several characteristics of the inserted augment in terms of different solid and porous 

biomaterials, thicknesses and positions. 

 

3.2 Knee joint model 
 

 

Knee numerical modelling allows to predict the possible cause of failure of the implanted 

prosthesis. Several approaches exist, such as: 

o Musculoskeletal modelling: it considers bones as rigid body and it mimics muscular 

actions; so it is able to analyse the joint’s dynamics. 

o Deformable modelling: it gives the opportunity to deal with several pathologies which 

occur in orthopaedic field, by analysing stress and strain distribution which cannot be 

examined through clinical studies [66]. 
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In this study, deformable models will be considered because the purpose of this analysis is to 

investigate the changes in bone stress distribution caused by the placement of different 

augments in terms of shape, size and material: stress distribution is fundamental for 

understanding and evaluating the effects of the implanted prosthesis in the patient. 

The leading challenge for stress analysis in biomechanical field is to mimic the real conditions 

because of the complexity of the knee multi-joint systems, in terms of geometries, material 

properties, interactions between the different components, constraints and boundary and 

loading conditions. Moreover, the accuracy of the numerical results is related to the 

assumptions used to solve the 3D model. So, it is fundamental a thorough reconstruction of the 

joint to investigate every kind of injury mechanism. Different hypotheses, which will be 

adopted, will be descripted subsequently. First of all, this model will focus on only tibio-femoral 

joint, neglecting the existence of patella-femoral joint. These features are outlined in the 

following paragraphs. 

 

 

3.2.1 Femur and Tibia Material Properties and Geometry 
 

 

The three-dimensional model of the tibio-femoral joint adopted in this work derives from a 

published model which was validated through a comparison between its numerical outcomes 

and the results obtained by carrying out an experimental trial on the same knee: a good 

correspondence between the FEA and experimental results was demonstrated [64].  

The reconstruction process of the model consists of different steps: 

 Physiological femoral and tibial bone structures were reconstructed rearranging those 

data acquired from Computed Tomography (CT) and Magnetic Resonance Imaging 

(MRI) scans of a healthy native left cadaveric knee, which shows no evidence of 

injuries.  

 CT and MRI images were processed using a suitable software (Materialise Mimic) in 

order to reconstruct knee 3D model from the scan data. 

 Knee 3D model is imported in an adequate software in order to carry out the finite 

element analysis (ABAQUS). 
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In FEA, one of the most crucial aspect is represented by the definition of material properties 

due to the complexity of the behaviour of the hard and soft tissues Errore. L'origine 

riferimento non è stata trovata.]. A close relationship exists between the complex bone 

structural hierarchies - macrostructure (cortical and spongy bone), micro and nano-structures – 

and its mechanical behaviour. The components of each hierarchical level are allocated and 

oriented in different directions. Consequently, the resulting structure is heterogeneous, 

viscoelastic and anisotropic [67,71] 

Currently, there are not enough available data about the mechanical behaviour at the micro and 

nano structural level [67]. Therefore, according to literature [59, 67,69], it is assumed that all 

the materials adopted in this model are considered linear elastic and this hypothesis provides 

the possibility to compare the behaviour of all the materials adopted qualitatively. Furthermore, 

it isn’t taken into account the porosity of the bone structure because this work isn’t interested 

in the investigation of the implant-bone behaviour at microscopic level [59]. 

Therefore, taking into consideration these hypotheses, the bony structures behaviour is assumed 

transversely isotropic for the cortical bone, while linear isotropic for cancellous bone [70] as 

shown in the following Table 5. 

 

Table 5 – Mechanical properties for cancellous and cortical bone according to literature [70] 

 The third axis is parallel to the anatomical axis of each bone [59] 

 

3.2.2 TKA Prosthesis Model and Material Properties  
 

After the 3D modelling of femur and tibia geometries obtained by processing data extrapolated 

from imaging scans, these models are adapted to the TKA prosthesis which is implanted: a 

GEMINI® SL® FIXED BEARING PS (WALDEMAR LINK GmbH & Co. KG, Hamburg, 

Germany) which is implanted following the surgical techniques specified by the producer is 

considered for this finite element analysis. 

  Young’s Modulus [GPa] Poisson’s Ratio 

 Material Model E1             E2            E3 ν12          ν13       ν23 

Cortical Bone 
Transversely 

Isotropic 
11.5         11.5          17 0.51       0.31    0.31 

Cancellous 

Bone 

Linear 

Isotropic 
2.13 0.3 
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Figure 46 – Implanted GEMINI® SL® FIXED BEARING PS prosthesis [72] 

 

LINK® GEMINI® knee implant provides a wide range of solutions for treatment of knee injuries 

with the purpose of achieving some targets, such as: prosthesis longevity and an implant which 

replicates the real knee anatomy. Different sizes and MOBILE or FIXED BEARING solutions 

are available: for this study it is chosen a medium size and fixed bearing posterior stabilized 

tibial components. Furthermore, this prosthesis provides a superficial texture and a double 

TiCaP® coating (Titanium and Calcium Phosphate) which ensures additional attachment for the 

cementless implantation.  

 

 

Figure 47 – TiCaP® coating [72] 

 

This coating, which is characterized by a porous layer of titanium which is covered by a layer 

of CaP, enhances bone ingrowth on the contact surface implant-bone [72]. 

 

FIXED BEARING PS prosthesis consists of the following components: 

 Cobalt-chrome alloy (CoCr) femoral component allows long-term stability due to the 

friction existing between the coupling surfaces: those of the resected femur with the 

internal surfaces of the femoral component. The external part component is shaped in 



Chapter 3: Finite Element Modelling 

51 

 

order to mimic the real knee joint. Furthermore, the posterior stabilized (PS) solution 

ensures a better coupling between the implant and bone, a reduction of the bony 

resection and this stabilizing cam on the femoral component avoids femur subluxation 

[73]. 

 Titanium alloy (Ti6Al4V) tibial tray is designed thoroughly in order to replicate the 

knee anatomy. It also provides blades, fixation pegs and stem for protecting the 

surrounding bone from rotational and shear forces [73]. 

 An ultra-highmolecular-weight-polyethylene (UHMWPE) is used for the tibial insert, 

whose concave surfaces allow enough space for the flexion in order to allow for natural 

motions [73]. 

Additionally, in order to avoid the failure for aseptic loosening, it is essential that not only a 

thorough implant designing is carried out but also it is necessary to choose an adequate 

cementing technique for the tibial and femoral components because a strong fixation and the 

longevity of the implant depend on the characteristics of the contact surface bone-implant. 

Several studies [77, 78, 79] were conducted by analysing the mechanical effects of different 

thicknesses of the cement skin and the comparison of different cementing techniques. It was 

found out that an adequate thickness is 3-4 mm of cement penetration because higher thickness 

could cause thermal injuries at bone-cement interface [79]. Furthermore, according to literature 

[77, 78], the cementing techniques which enable the implant to perform more efficiently and 

effectively are: 

o Apply a cement layer on the distal and anterior surfaces of the femur, and on the 

posterior flanges of the femoral component [77] 
 

o Apply a cement layer not only on the bottom surface of the tibial tray, but also on tibial 

cut surface [78] 

In this work, it is applied a cement (polymethylmethacrylate PMMA) layer with a penetration 

depth of 3 mm to the femoral and tibial severed surfaces in order to ensure a longer lifespan of 

the prosthesis [59]. 

 

The behaviour of all materials used for the implant components is considered isotropic, linear 

and elastic [59, 69], as stated above for the bone material model. According to literature [59, 

75, 76], material’s properties are indicated in the following Table 6. 
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Table 6 – Material properties adopted in this model [75, 76] 

 

Starting from the real prosthesis (Figure 48), its surfaces are acquired through specialized 

software in order to replicate the equivalent 3D model.  

 

(a)                                                       (b) 

Figure 48  – GEMINI® SL® FIXED BEARING PS: (a) PS femoral component – (b) Tibial components Fixed 

Bearing PS [73] 

 

The correspondent 3D model is shown in the following Figure 49. 

 

 
Figure 49  – Prosthesis 3D model. 

 
Material Model 

Young’s Modulus 

[GPa] 
Poisson’s Ratio 

Reference 

 E ν 

CoCr 
Linear 

Isotropic 
220 0.3 [75] 

UHMWPE 
Linear 

Isotropic 
0.685 0.4 [75] 

Ti6Al4V 
Linear 

Isotropic 
110 0.3 [76] 

PMMA 
Linear 

Isotropic 
2.62 0.3 [75] 
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The distal part of the femur and the proximal part of the tibia undergo to bone resections as 

follows (Figure 50). 

                                                     

                                                                 

Figure 50 – Steps necessary for implanting the femoral component. 

 

To sum up, femur and tibia geometries obtained by processing data extrapolated from imaging 

scans should be adapted to the implanted prosthesis through a serious of bone resections which 

are described in the surgical procedures provided by the manufacturer Figure 51. 

 

Figure 51 – Surgical guidelines provided by the manufacturer: WALDEMAR LINK GmbH & Co. KG [80] 
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The same procedure is followed for the tibia: 

 

                                 

Figure 52 - Steps necessary for implanting the tibial tray. 

 

 

3.2.3 Ligaments Model and Material Properties  
 

According to literature [81], a crucial function is played by the ligaments for a good analysis of 

the kinematics and stress distribution of the knee, but they are made of soft tissue and they 

present a complex hierarchical structure which is difficult to implement. The ligaments help to 

ensure a high range of mobility but also a good stability, avoiding the dislocation of the joint. 

Several studies were conducted in order to mimic the ligaments behaviour and different 

approaches were followed:  

 Uni-dimensional model: the ligaments are modelled as springs, beams or trusses but 

only tensile loads could be withstood, and not compression or shear forces. 

 Three-dimensional model: the ligaments are modelled as solid element. MRI scans 

helps the replication of the real geometry, in terms of the anatomy of the ligaments. 

These imaging scans help also the acquisition of the insertion point of the ligaments. 

Surgical 

resections 

Tibial Tray  

Implant-Bone 

Compound 
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 Bi-dimensional model: the ligaments are modelled as membrane or shell. This approach 

ensures a simple implementation and a better replication of their anatomy. 

In this work, also the medial and lateral collateral ligaments are implemented in order to ensure 

a better investigation of the stress distribution and a true replication of the working conditions. 

According to previous validated models [59, 64], a linear elastic isotropic material model is 

assumed. These ligaments are modelled as beams where a preload is applied. Their properties, 

in terms of material, preload and cross-sectional area, are listed in the following Table 7. 

 

Table 7 – Mechanical properties of the ligaments [64] 
 

Ligaments 
Young’s 

Modulus [MPa] 

Poisson’s 

ratio 

Initial 

strain 𝜺𝒓 

Cross-sectional 

area [mm2] 

LCL 

aMCL 

pMCL 

111 

196 

196 

0.45 

0.45 

0.45 

0.05 

0.04 

0.03 

18 

14 

14 

 

 

3.2.4 Block Augments Model and Material Properties  
 

The most commonly used classification of bone loss (AORI) states that those defects which 

damage a large portion of metaphyseal bone (femur and tibia) or the cortical rim can be treated 

through a modular augmentation: wedge or block augments which could be combined with 

morsellised bone grafts. It is important that bony reconstruction ensures a strong stability for 

the new implant in order to allow a better load transmission to the bone and long-term 

satisfactory results [82]. 

According to some studies [61], bone deficiencies usually affect distal femur or proximal tibia 

which could be healed through the implantation of modular augments: this kind of treatment of 

bone defects is supported by the results of experimental tests, which will be discuss in the 

following paragraphs. Furthermore, current innovations offer biological solutions: they provide 

for the use of new porous biomaterials which can be paired with adequate coatings in order to 

achieve a serious of advantages, particularly used for younger patients [82]. 

Therefore, the aim of this work is to combine the use of rectangular augments of different 

thicknesses and porous biomaterials with several collocations of the implant, by analysing three 

flexion angles: 0°, 45° and 90°. 
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With the purpose of investigating bone stress distribution caused by the implantation of an 

augment for treating bone injuries, the first step is to consider bone defects by replicating 

surgical resections in order to remove the damaged bone tissues. In this way, it is possible to 

prepare the bone surface which will come into contact with the prosthesis. 

Hence, this study will analyse the bone response, in terms of stress distribution, to the insertion 

of different augments. Several positions and extensions of the bone defects, all collocated in 

the medial condyle: 

 For the tibia, proximal position with three different thicknesses  (Figure 53)  

5, 10 or 15 mm; 

 For the femur, distal and posterior position with two different thicknesses: 5 or 10 mm 

(Figure 54-55). 

Consequently, bone resections will be conduct to different depths in order to allow the insertion 

of these augments. Moreover, the contours of the augments will be tailored to the geometry of 

the femoral and tibial components because their original features are dictated by the products 

which are commercially available. 

 

 

 

(a)                                               (b)                                               (c) 

Figure 53 – Augment placed proximally on the tibial medial side, with different thickness: (a) 5 mm, (b) 10 mm 

and (c) 15 mm. 

 
(a)                                     (b) 

 
Figure 54 – Augment placed distally on the femoral medial side with a thickness of: (a) 5 mm and (b) 10 mm. 

 
(a)                                        (b) 

 
Figure 55 – Posterior augment placed on the femoral medial side with a thickness of: (a) 5 mm and (b) 10 mm. 
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Furthermore, the innovation market provides a broad range of porous biomaterials, based on 

tantalum or titanium alloys which could be coupled with additional coatings, by guaranteeing 

a number of benefits. These materials try to mimic the real cancellous bone in terms of 

mechanical properties. Their matrix could allow: 

o High strength – which is between that of cortical and cancellous bone – is preserved 

during the regeneration process of the bone and under dynamic loads [83]. 

o High interconnected porosity – which goes up to 80% and above – ensures an 

osteoconductive matrix and so a favourable environment for the bone regeneration and 

rapid fixation [83]. 

o High roughness of the surface in contact to the bone which favours a better attachment. 

o High biocompatibility and bioactivity reduce the risk of adverse immunological 

response [83]. 

o High rate of bone ingrowth if compared to that of sintered beads (CoCr and Ti alloys): 

these materials don’t show inflammatory reaction, but they demonstrate a high 

incorporation into the host bone [83]. 

o High coefficient of friction affords not only the initial stability at the interface bone-

implant but also reduces the risk of micromotions which will compromise bone-

prosthesis fixation. A strong biological fixation is fundamental for ensuring a deep bone 

ingrowth because this give the possibility to hold the implant stable and to minimize the 

use of bone cement [83]. 

o Low elastic modulus – which is close to that of cancellous bone – enables the natural 

transmission of the physiological loads between the implant and surrounding bone and 

this could reduce radiolucent lines and stress shielding [83]. 

Moreover, the companies, specialized in the orthopaedic field, allow a versatile design in term 

of shape and dimensions: these structures could have additional holes for a better fixation 

through screws [83]. 

 

(a)                                          (b)                                           (c) 

Figure 56  - (a) Cancellous bone – (b) porous biomaterial – (c) Level of roughness that could be achieved [83] 
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Looking at the configurations, showed in (Figure 57), each model will be realized by 

considering different porous and solid materials in order to discuss their bone stress response, 

by comparing them to a control configuration which is defined considering only the prosthesis 

but without augment, and so in the absence of bony defects. Furthermore, all these defined 

model will be considered for three different flexion angles: 0° - 45° - 90°. 

As stated previously, the behaviour of porous biomaterials is modelled as linear elastic, 

homogenous and isotropic [59]. A detailed summary of their properties are described in the 

following Table 8. 

 

 

Table 8 – Porous material properties. 
 

Porous Metals 

Modulus of 

elasticity 

[MPa] 

Average pore size 

[µm] 
Porosity [%] 

Trabecular Metal 2500 - 3900 550 75 - 85 

Regenerex 1600 300 67 

Tritanium 2700 546 72 

Gription 3500 300 63 

These properties where analysed in the previous chapter. 

 

                

(a)                                                               (b) 

Figure 57 –An example of configurations: (a) femoral model where an augment of 5 mm is placed on the medial 

and posterior side – (b) tibial model where an augment of 5 mm is placed proximal on the medial side. 
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3.2.5 Boundary and Load Conditions  
 

The long-term success of a surgical treatment of revision TKA is related to the capability of 

restoring an adequate transmission of the physiological loads, by creating a stable environment. 

The contact forces which act within the joint and the loads borne by bone depend on the 

muscular forces which are performed during daily activity. It is very difficult to measure the in 

vivo loading conditions which act in a human knee because it is a complex multi-joint system 

and the loading environment depends on body weight, gender and activity performed (walking, 

squat, stair climbing) [84]. 

According to literature, Taylor et al. [84] analysed the in vivo loads which occur in tibio-

femoral joint, by considering a model already validated for hip in two scenarios: walking and 

stair climbing. It was found out that the average axial force during a gait cycle is 3.1 times body 

weight. 

The assigning of load conditions to the 3D model is really difficult. Adequate hypotheses are 

assumed: leading joints (hip, knee and ankle) are considered cylindrical. A scheme of the loads 

acting on the knee joint are represented in the following Figure 58. 

 

Figure 58 – Scheme of the loads applied on the knee joint [86] 

 

When both feet touch the ground, the body weight FB is shared among the two legs: the most 

critical condition is that FB is borne by a single leg and it is transferred to the femur by means 

hip joint. FB can be divided in two components: axial force FA which acts along the anatomical 

femoral axis and transversal force which is perpendicular to it. By assuming that the distal part 

of the tibia is fixed and the knee joint is cylindrical, the knee is able to bear only the axial load 
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FA, while FT and the moment MM imposed by the equilibrium of the system are balanced by the 

muscular actions [86]  

In this study, only the axial loads (FA and the axial muscular reactions) are considered while 

the tangential force and the moment acted by the muscles are neglected because they are not 

relevant for the contact stress femoral component – tibial insert. 

According to previous implemented studies [59, 84, 85, 86], an axial load of 2500 N, which is 

approximately 3.1 times a body weight of 80 kg, is applied in the centre of the femoral head 

along the femoral mechanical axis, obtained by joining the centres of the femoral head and the 

ankle. In all the configuration the worst case will be considered: all the axial load is applied on 

a single leg and it is not split between the two legs. 

All configurations (no augment and plus augments) are subjected to the same loading 

conditions: an equivalent body diagram system is obtained by transporting the axial load in the 

joint centre (defined as loading application point), maintaining the same loading direction and 

applying an equilibrium moment. Furthermore, a continuum distributing coupling interaction 

is applied between the loading application point and the area of application in order to ensure a 

uniform loading distribution as shown in the Figure 59. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a)                                         (b)                                                      (c)                

Figure 59 – Free diagram body for each flexion angle: (a) 0° - (b) 45° - (c) 90°. 
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By analysing the boundary conditions, if we consider the global model (tibia + femur + 

prosthesis +augment) the distal part of the tibia is fixed in all the considered configurations, 

while focusing on the femoral bone, it is allowed only the translation along the loading axis and 

the rotations around it as shown in Figure 59. 

In this study, the following models will be analysed: 

 when the augment is located onto the distal or posterior side of the femur, the free body 

diagram involves: prosthesis, augment and femur. In this case, the head of the femur 

will be totally fixed through the insertion of an encastre, while the load – applied in the 

centre of the joint – will be distributed onto the underneath surface of the tibial tray.  

 Another scenario is represented by the insertion of the augment onto the proximal part 

of the tibia: in this case the model consists of the prosthesis, the augment and the tibia. 

So, tibia is distally fixed, whereas the load is applied the underneath surface of the tibial 

tray. 

For both cases, the loading application point is constrained as follows: it is allowed only the 

translation and the rotations around the loading axis (mechanical femoral axis).  

 

3.2.6 Interactions and Contact Properties 
 

 

As previously mentioned, different fixation techniques exist for the femoral and tibial 

components: the use of bone cement ensures good primary stability, while cementless implant 

is directly implanted in contact with the bone for the purpose of promoting biological fixation 

Errore. L'origine riferimento non è stata trovata.]. In this study, a cement layer with a 

penetration depth of 3 mm is applied onto the femoral and tibial severed surfaces which are in 

contact to the femoral and tibial tray respectively, in order to ensure a longer lifespan of the 

prosthesis. 

In all analysed models, all of the contact surfaces are perfectly bonded through a tie contact in 

order to avoid the risk of micromotions, except for the interface femoral component – tibial 

insert where a node to surface contact is applied using a tangential behaviour penalty friction 

formulation. Innocenti et al.[75] provided a value of friction coefficient of 0.2. All the contact 

properties are shown in the following Table 9-10. 
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Table 9 – Contact properties for the tibial model. 

 

 

 

 
Table 10 - Contact properties for the femoral model. 

Model Interface Material in contact Type contact 

Femur + Implant 

Femoral component-

Insert 
Co-Cr - Polyethylene Node to surface 

Insert-Tibial tray Polyethylene - Ti Perfectly bonded 

Femoral component-

Augment 
Co-Cr – Porous metal Perfectly bonded 

Augment - Tibia Porous metal - Bone Perfectly bonded 

 

 

 

3.2.7 Mesh 
 

All the components of these models are meshed considering linear tetrahedral elements: a good 

compromise between accurate results and an acceptable computational time is to divide the 

femur and tibia into different section in order to apply different element size for the mesh. The 

regions of interest are set in order to evaluate if the insertion of an augment could affect the 

stress distribution on the surrounding bone and to highlight if the wedge have also an effect 

(always in terms of stress) at the global level. For these reasons, the local region of interest 

close to the augment is deep 10 mm while the global region of interest presents a depth of 50 

mm: they are defined for each model as follows: 

 

Model Interface Material in contact Type contact 

Tibia + Implant 

Femoral component-

Insert 
Co-Cr - Polyethylene Node to surface 

Insert-Tibial tray Polyethylene - Ti Perfectly bonded 

Tibial tray-Augment Ti – Porous metal Perfectly bonded 

Tibial tray - Tibia Ti - Bone Perfectly bonded 

Augment- Tibia Porous metal - Bone Perfectly bonded 
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Figure 60 – Local and global regions of interest for a tibial augment with a thickness of 5 mm, placed 

proximally. 

 

 

 

 

 

 

 

 

 

 

Figure 61 - Local and global regions of interest for a femoral augment with a thickness of 5 mm, placed distally 

 

 

 

 

 

 

 

Figure 62 - Local and global regions of interest for a femoral augment with a thickness of 5 mm, placed posteriorly. 

 

Moreover, a partition of the external surface of the femoral component is realized in order to 

allow a better contact between the femoral component and the polyethylene insert. Once the 

most crucial regions for the finite element analysis have been identified, it is possible to use a 
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finer mesh in order to ensure a better tetrahedral approximation, minimizing the risk of a 

discontinuity in the distribution of the variables of interest (Table 11). 

Table 11 – Summery of the mesh size 

Region Element Type Mesh Size 

Bone     
Local region of interest Linear tetrahedral elements 2 mm 

Global region of interest Linear tetrahedral elements 2 mm 

Implant 

Femoral component Linear tetrahedral elements 5 mm 

Insert Linear tetrahedral elements 5 mm 

Contact region Insert-

Femoral component 
Linear tetrahedral elements 1 mm 

Tibial tray Linear tetrahedral elements 5 mm 

Augment Linear tetrahedral elements 2 mm 

 

 

Figure 63 – Mesh assembly: Tibial model. 
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Figure 64 - Mesh assembly: femoral model. 
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Chapter 4 

Results 
 

All simulations were performed on Abaqus/Standard version 6.14-1 (Dassault Systèmes, 

Vélizy-Villacoublay, France). Results were obtained considering three flexion angles (0° - 45° 

- 90°) for each model, as stated in the previous chapter.  

The variables considered in the present study are:  

 the average Von Mises stress 

 the average Shear stress 

All these output variables are analysed in the regions of interest defined in section 3.2.7: 

 the local region, close to the augment is deep 10 mm  

 the global region presents a depth of 50 mm  

These regions are set in order to evaluate if the insertion of the augment could affect the stress 

distribution on the surrounding bone and to highlight if the wedge have also an effect at the 

global level. These variables will be analysed for each configuration defined in the previous 

chapter, and they are compared not only to the respective control model (no augment) but also 

to the other configurations. 

This analysis has been carried out in order to demonstrate if the use of an augment made of a 

porous biomaterial could be a good alternative for dense metals: this goals can be achieved if 

the change in bone stress due to the presence of a porous augment is smaller than that of a solid 

augment. For ensuring a satisfactory long-term performance of the implant, it is fundamental 

to decrease the alterations, in terms of stress, on the surrounding bone. 

 

 

 

 

 

 

 



Chapter 4: Results 

67 

 

 

4.1 Tibial model  
 

In this section the results obtained from the FEA are shown in terms of the average Von Mises 

and shear stress at the interface bone-augment, taking into account the three flexion angles (0° 

- 45° - 90°), the three different thicknesses for the proximal tibial augment (5-10-15 mm) and 

the several biomaterials (porous: Trabecular Metal, Regenerex, Tritanium and Gription; solid: 

Cobalt – Chrome and Titanium). Each analysed configuration will be compared to the others 

and to the control model. 

 

4.1.1 Von Mises stress: flexion angle of 0°  
 

In this paragraph, the change in bone Von Mises stress caused by a proximal tibial augment of 

5 – 10 – 15 mm, placed on the medial side of the tibia is investigated, comparing all the porous 

and solid biomaterials. For each configuration, a flexion angle of 0° is set and the “Control 

Model” is defined as that model where no augment is implanted. With the purpose of comparing 

the effects of the insertion of an augment, a graphical representation of the Von Mises stress 

distribution at the bone-augment interface is shown in the following figures. 
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Figure 65 – Von Mises stress distribution at tibia – augment interface for a flexion angle of 0°  

and an augment of 5 mm. 
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                              Augment with a thickness of 10 mm 

 

 
Figure 66 - Von Mises stress distribution at tibia – augment interface for a flexion angle of 0°  

and an augment of 10 mm. 

 

 

 

 

 

 

 

 

 

 

                             Augment with a thickness of 15 mm 

 

 

 

 

 

 

 

 

 

 

Figure 67 - Von Mises stress distribution at tibia – augment interface for a flexion angle of 0°  

and an augment of 15 mm. 
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A first graphical analysis of the previous figures highlights the same trend for all the analysed 

thicknesses: Von Mises stress distribution at tibia – augment interface (tibial medial side) is 

very similar to that of the control model for the porous metals, while a greater discrepancy 

appears for the solid materials. Looking at the lateral side, by comparing all the biomaterials 

considered, both porous and solid, it is possible to notice the same trend which is close to that 

of control model. A proof of this trend is given by the following bar graphs (Figure 68): Von 

Mises stress is investigated in the local region of interest and in the global one. 

 

Figure 68 – Flexion 0°: Average Von Mises bone stress analysing the local region of interest (depth of 10 mm) 

and comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 

 

 

 

Figure 69 – Flexion 0°: Average Von Mises bone stress analysing the global region of interest (depth of 50 mm) 

and comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 
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All these values are obtained by normalizing with the respect of the average Von Mises bone 

stresses of the control model. 

By analysing the change in Von Mises bone stress close to the augment (Figure 69), it is 

possible to notice that the region which is more influenced by the presence of an augment is the 

tibial medial side, for each material and for each thickness. In particular, the porous biomaterials 

cause an increase of the Von Mises stress in the medial side of approximately 10 – 20% for all 

thicknesses, while Cobalt-Chrome and Titanium induce a decrease of about 30 % for all 

thicknesses. On the other hand, there is no change in the lateral side if it is used a porous 

augment, while a solid metal induces a slight decrease (about 6.5%) both locally and globally. 

 

4.1.2 Von Mises stress: flexion angle of 45°  
 

As the previous section, the change in bone Von Mises stress caused by a proximal tibial 

augment of 5 – 10 – 15 mm, placed on the medial side of the tibia is investigated, comparing 

all the porous and solid biomaterials. For each configuration, a flexion angle of 45° is set and 

the “Control Model” is defined as that model where no augment is implanted. With the purpose 

of comparing the effects of the insertion of an augment, a graphical overview of the Von Mises 

stress distribution at the bone-augment interface is shown in the following figures. 

 

 

 

      

   

 

 

                                Augment with a thickness of 5 mm 

 

 

 

 

 

 

 

Figure 70 - Von Mises stress distribution at tibia – augment interface for a flexion angle of 45°  

and an augment of 5 mm. 
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                              Augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

Figure 71 - Von Mises stress distribution at tibia – augment interface for a flexion angle of 45°  

and an augment of 10 mm. 

 

 

 

 

 

 

 

 

 

 

                             Augment with a thickness of 15 mm  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 72 - Von Mises stress distribution at tibia – augment interface for a flexion angle of 45° and an augment 

of 10 mm 
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Also for a flexion angle of 45°, the previous figure shows the same pattern that it is possible to 

see for a flexion angle of 0°. The leading effect of an augment placed on the medial side of the 

tibia is induced in the region close to the augment (medial side), while the stress distribution at 

the tibial bone interface is close to that of the reference model. 

 

 

Figure 73 – Flexion 45°: Average Von Mises bone stress analysing the local region of interest (depth of 10 mm) 

and comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 

 

 

 
Figure 74 - Flexion 45°: Average Von Mises bone stress analysing the global region of interest (depth of 50 mm) 

and comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 
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thickness (up to approximately 20% for an augment of 15 mm, made of Regenerex; for the 

other porous metals is slightly lower). On the contrary, there is no effect on the lateral side. This 

trend is common to all porous metal. 

By contrast, the solid metals, such as Co-Cr and Ti, cause a drastic fall of the average stress of 

about 35% for the augment of 5 mm, made of Co-Cr. By increasing the thickness, this reduction 

decreases slightly: in fact, the augment of 15 mm, made of Co-Cr, induces a decrease of 30%. 

Look at the lateral side, also here there is a slight decrease that reach the minimum if the 

augment’s thickness is 15 mm (reduction of about 10%). 

Globally, the gap existing between the medial and the lateral side, for both porous and solid 

metals is reduced. 

 

 

4.1.3 Von Mises stress: flexion angle of 90°  
 

 

For each configuration, a flexion angle of 90° is set and an augment of 5 – 10 – 15 mm is placed 

on the medial side of the tibia. In the following figures, a graphical overview is reported: 

 

 

 

      

 

 

 

                             Augment with a thickness of 5 mm 

  

 

 

 

 

 

 

 

Figure 75 - Von Mises stress distribution at tibia – augment interface for a flexion angle of 90° and an augment 

of 5 mm 
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                             Augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

 

Figure 76 - Von Mises stress distribution at tibia – augment interface for a flexion angle of 90° and an augment  

of 10 mm 

 

 

 

 

 

 

 

 

                             Augment with a thickness of 15 mm 

 

 

 

 

 

 

 

 

 

Figure 77 - Von Mises stress distribution at tibia – augment interface for a flexion angle of 90° and an augment 

of 15 mm 
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Figure 78 - Flexion 90°: Average Von Mises bone stress analysing the local region of interest (depth of 10 mm) 

and comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 

 

 

 

Figure 79 - Flexion 90°: Average Von Mises bone stress analysing the global region of interest (depth of 50 mm) 

and comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 

 

 

Analysing both the graphical representation of the Von Mises stress distribution at the tibia – 
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0

20

40

60

80

100

120

Lateral Medial

0

20

40

60

80

100

120

Lateral Medial



Chapter 4: Results 

76 

 

So, it is possible to conclude that analysing different thicknesses of the augment placed 

proximally on the tibial medial side, different flexion angles and different porous metals which 

have Young’s modulus similar to that of cancellous bone, no significant change results. On the 

contrary, if the behaviour of the porous metals is compared to that of convention metals, a 

relevant change in terms of bone stress is reported: locally, solid metals leads to a reduction of 

the average Von Mises stress of about 30%, regardless of the flexion angles.  

Therefore, it is possible to demonstrate that Von Mises stress distribution is more sensible to 

the stiffness of the material rather than the flexion angle or the thickness of the augment. 

 

4.1.4 Shear stress: flexion angle of 0°  
 

In this section, the change in bone Shear stress caused by a proximal tibial augment of 5 – 10 – 

15 mm, placed on the medial side of the tibia is investigated, comparing all the porous and solid 

biomaterials. For each configuration, a flexion angle of 0° is set and the “Control Model” is 

defined as that model where no augment is implanted. With the purpose of comparing the 

effects of the insertion of an augment, a graphical representation of the Shear stress distribution 

at the bone-augment interface and the results are shown in the following figures. 

 

 

 

 

 

 

 

                            Augment with a thickness of 5 mm 

 

 

Figure 80 - Shear stress distribution at tibia – augment interface for a flexion angle of 0° and an augment of 5 mm 
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                                Augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 
 
Figure 81 - Shear stress distribution at tibia-augment interface for a flexion angle of 0° and an augment of 10 mm. 

 

 

 

 

 

 

 

  

 
 

                         Augment with a thickness of 15 mm 

 

 

Figure 82 - Shear stress distribution at tibia-augment interface for a flexion angle of 0° and an augment of 15 mm. 
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Figure 83 - Flexion 0°: Average Shear bone stress analysing the local region of interest (depth of 10 mm) and 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 

 

 

Analysing the behaviour of the porous metals, it is possible to notice that no change is visible 

on the lateral side, regardless of the thickness, while the main variation is reported on the medial 

side: an increase in terms of bone stress up 40% for a distal augment made of Regenerex, with 

a thickness of 5 mm. By contrast, conventional metals induce not only a change on the medial 

side (reduction up to around 60% for the Co-Cr with a thickness of 15 mm) but also an increase 

of the Von Mises stress on the lateral side (less than 20%). 

 

 

 

Figure 84 - Flexion 0°: Average Shear bone stress analysing the global region of interest (depth of 50 mm) and 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 
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Globally, looking at porous metal, it is possible to see that there is also a variation on the lateral 

side, but the gap is reduced. Conventional metals cause an increment (up to approximately 40% 

for a thickness of 15 mm) in terms of shear stress on the lateral side, while the distribution has 

improved on the medial side. 

 

 

 

 

4.1.5 Shear stress: flexion angle of 45°  
 

 

As stated above, the change in bone Shear stress caused by a proximal tibial augment of 5 – 10 

– 15 mm, placed on the medial side of the tibia is investigated, comparing all the porous and 

solid biomaterials. For each configuration, a flexion angle of 45° is set and the “Control Model” 

is defined as that model where no augment is implanted. With the purpose of comparing the 

effects of the insertion of an augment, a graphical overview of the Shear stress distribution at 

the bone-augment interface is shown in the following figures. 

 

 

 
 

 

 

 

 

                             Augment with a thickness of 5 mm 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 85 - Shear stress distribution at tibia-augment interface for a flexion angle of 45° and an augment of 5 mm. 
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                               Augment with a thickness of 10 mm 

  

 

 

 

 

 

 

 

 

Figure 86 - Shear stress distribution at tibia-augment interface for a flexion angle of 45° 

and an augment of 10 mm. 

 

 

 

 

      

 

 

    

                           Augment with a thickness of 15 mm 

  

 

 

 

 

 

 

 

 

Figure 87 - Shear stress distribution at tibia-augment interface for a flexion angle of 45° 

and an augment of 10 mm. 
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By analysing the distribution of the shear stress at the interface bone – augment, it is possible 

to see that the bone shear stress changes mainly in the region close to the augment (medial side) 

both for the porous and for the conventional metals. On the lateral side, there is no significant 

variation. 

 

Figure 88 - Flexion 45°: Average Shear bone stress analysing the local region of interest (depth of 10 mm) and 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 

 

 

Looking at what happens locally, if an augment of porous metal is placed proximally on the 

medial side of the tibia, there is no variation in terms of shear stress on the lateral side, always 

compared to that of control model. While the insertion of a porous augment induces an increase 

of the shear stress which is maximum for a thickness of 5 mm. A rise of 10% is visible for an 

augment of 5 mm, made of Regenerex which is the porous metal with the lowest stiffness. 

Furthermore, it is possible to see that if an augment of 15 mm is placed on the medial side of 

the tibia, the gap between the shear stress distribution of the control model and that of a model 

with an augment, made of any biomaterial is reduced dramatically. 

 

For the conventional metals, it is possible to notice the same trend but at lower level: no change 

for the lateral side, while analysing the medial side, the average shear stress is similar to that of 

the control model if an augment of 5 mm is implanted (both Co-Cr and Ti), but if an augment 

of 15 mm is considered, the value falls to 85 and 86% for Co-Cr and Ti, respectively. 
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Figure 89 - Flexion 45°: Average Shear bone stress analysing the global region of interest (depth of 50 mm) and 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 

 

 

Globally, the same pattern is visible but with a lower gap: the medial average shear stress 

reaches the minimum of 90% at a thickness of 15 mm for conventional metals, while the value 

of the shear stress is almost that of control if an augment of 15 mm made of Trabecular Metal 

or Tritanium is implanted. 

 

 

 

 

 

4.1.6 Shear stress: flexion angle of 90°  
 

 

For each configuration, a flexion angle of 90° is set and an augment of 5 – 10 – 15 mm is placed 

on the medial side of the tibia. In the following figures, a graphical overview is reported: 
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                               Augment with a thickness of 5 mm 

 

 

Figure 90 - Shear stress distribution at tibia-augment interface for a flexion angle of 90° and an augment of 5 mm. 

 

 

 

 

 

 

 

 

 

                              

                               Augment with a thickness of 10 mm  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 91- Shear stress distribution at tibia-augment interface for a flexion angle of 90° and  

an augment of 10 mm. 
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                               Augment with a thickness of 15 mm  

 

 

 

 

 

 

 

 

 

Figure 92 - Shear stress distribution at tibia-augment interface for a flexion angle of 90° and  

an augment of 15 mm. 

 

 

 
 

 

Figure 93 - Flexion 90°: Average Shear bone stress analysing the local region of interest (depth of 10 mm) and 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 
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augment of 10 mm is placed on the medial tibial side: in particular, when it is made of 

Regenerex, the shear stress reaches a maximum of 133%. Looking at the conventional metals, 

the most critical condition appears when an augment of 5 mm is implanted: there is a reduction 

of 17% for Co-Cr and 15% for Ti.  

 

 

Figure 94 - Flexion 90°: Average Shear bone stress analysing the global region of interest (depth of 50 mm) and 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them. 

 

 

Globally, the pattern is the same that it is possible to notice at the local level, but the increase 

and the decrease of the shear stress is milder for porous and solid metals respectively.  
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4.2 Femoral model  
 

In this section, the same analysis of the tibial model will be carried out for the femoral model. 

The results obtained from the FEA are shown in terms of the average Von Mises and shear 

stress at the interface bone-augment, taking into account the three flexion angles (0° - 45° - 

90°), the two different thicknesses for the distal femoral augment (5-10 mm), the two different 

thicknesses for the posterior femoral augment (5-10 mm) and the several biomaterials (porous: 

Trabecular Metal, Regenerex, Tritanium and Gription; solid: Cobalt – Chrome and Titanium). 

Each analysed configuration will be compared to the others and to the control model. 

 

4.2.1 Von Mises stress: flexion angle of 0°  
 

In this paragraph, the change in bone Von Mises stress caused by the insertion of a distal and 

then a posterior augment of 5 – 10 mm, placed on the medial condyle of the femur is 

investigated, comparing all the porous and solid biomaterials. For each configuration, a flexion 

angle of 0° is set and the “Control Model” is defined as that model where no augment is 

implanted. With the purpose of comparing the effects of the insertion of an augment, a graphical 

overview of the Von Mises stress distribution at the bone-augment interface is shown in the 

following figures. 

   

 

 

 

 

 

 

                       Distal augment with a thickness of 5 mm 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 95 - Von Mises stress distribution at femur – augment interface for a flexion angle of 0° and a distal 

augment of 5 mm 
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                             Distal augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 96 - Von Mises stress distribution at femur – augment interface for a flexion angle of 0° and a distal 

augment of 10 mm 

 

 

 

 

 

 

   

 

 

                      Posterior augment with a thickness of 5 mm  

 

 

 

 

 

 

 

 

 

Figure 97 - Von Mises stress distribution at femur – augment interface for a flexion angle of 0° and a posterior 

augment of 5 mm 
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                       Posterior augment with a thickness of 10 mm  

 

 

 

 

 

 

 

 

 

 

Figure 98 - Von Mises stress distribution at femur – augment interface for a flexion angle of 0° and a posterior 

augment of 10 mm 

 

 

The graphical overviews of the average Von Mises stress at the interface bone – augment, for 

both these positions (distal and posterior) point out that the stress distribution on the lateral side 

is very close to that of reference model for each configuration (posterior and distal), for each 

thickness of the augment (5 or 10 mm) and for each material (both porous and solid). For both 

positions, the main change in terms of bone stress is visible on the medial side.  

The quantitative values are reported as follows, for both cases, considering the local and global 

effects. 
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Figure 99 - Flexion 0°: Average Von Mises bone stress analysing the local region of interest (depth of 10 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering an augment placed distally on the medial femoral condyle. 

 

 

Figure 100 - Flexion 0°: Average Von Mises bone stress analysing the global region of interest (depth of 50 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering an augment placed distally on the medial femoral condyle. 

 

 

As stated above, these values demonstrate numerically what it is possible to highlight in the 

graphical overviews. Locally, no significant change occurs on the lateral side, in term of bone 

stress, for both types of materials (porous and dense): a slight decrease of the 4% for a thickness 

of 5 mm and a reduction of the 2% for the thickness of 10 mm. 
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Von Mises stress distribution varies especially on the medial side, where the rate of increase 

goes from 2% for an augment of 5 mm made of Regenerex to 5.5 % for an augment of 10 mm 

made of Regenerex. While a very slight increase (< 1%) takes place by passing from a thickness 

of 5 mm to a 10 mm (for the other porous materials). Analysing the behaviour of the 

conventional metals, there is a sharp drop of the average Von Mises stress of 22% for Co – Cr 

augment with a thickness of 5 mm. This fall is reduced to 20% for Co-Cr augment with a 

thickness of 10 mm. This same trend is visible for Ti but the decrease goes from 18.5% (5 mm) 

to 16% (10 mm). 

Globally, Von Mises stress does not change both on the lateral side and medial side (< 1%) for 

porous metals, and for all the thicknesses. Looking at the conventional metals, there is no 

change in terms of bone stress laterally, while a reduction occurs on the medial side (<10%). 

 

 
Figure 101 - Flexion 0°: Average Von Mises bone stress analysing the local region of interest (depth of 10 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a posterior augment placed on the medial femoral condyle. 

 

Locally, analysing what induces the insertion of a posterior augment, it is possible to notice a 

similar trend to that caused by a distal augment. The lateral side is not subjected to change in 

terms of bone stress, both for porous and solid metals.  

The main change occurs on the medial side:  

 For porous metals there is an increase of the bone stress up to 15% for a Regenerex 

augment with a thickness of 10 mm. Furthermore, passing from 5mm to 10 mm there is 

a slight increase for stiffer porous metals, while for Regenerex there is an increase of 

4%. 
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 For solid metals there is the opposite trend: a reduction of approximately 15-17% for a 

thickness of 5 mm and a fall of about 21-23% for a thickness of 10 mm. 

 

 

Figure 102 - Flexion 0°: Average Von Mises bone stress analysing the global region of interest (depth of 50 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a posterior augment placed on the medial femoral condyle. 

 

Globally, the pattern is the same but the gap is reduced for both types of materials. No change 

occurs on the lateral side, while for the medial side: 

 Porous metals present a rise less than 10%. 

 Conventional metals show a reduction less than 10%. 

 

 

 

4.2.2 Von Mises stress: flexion angle of 45°  
 

In this paragraph, the change in bone Von Mises stress caused by the insertion of a distal and 

then a posterior augment of 5 – 10 mm, placed on the medial condyle of the femur is 

investigated, comparing all the porous and solid biomaterials. For each configuration, a flexion 

angle of 45° is set and the “Control Model” is defined as that model where no augment is 

implanted. With the purpose of comparing the effects of the insertion of an augment, a graphical 

overview of the Von Mises stress distribution at the bone-augment interface is shown in the 

following figures. 
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                          Distal augment with a thickness of 5 mm 

 

 

 

 

 

 

 

 

 

 

Figure 103 - Von Mises stress distribution at femur – augment interface for a flexion angle of 45°  

and a distal augment of 5 mm 

 

 

   

 

 

 

 

 

 

 

                              Distal augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

 

Figure 104 - Von Mises stress distribution at femur – augment interface for a flexion angle of 45°  

and a distal augment of 10 mm 
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                             Posterior augment with a thickness of 5 mm  

 

 

 

 

 

 

 

 

 

Figure 105 - Von Mises stress distribution at femur – augment interface for a flexion angle of 45°  

and a posterior augment of 5 mm 

 

 

 

 

 

 

   

 

                        

                          Posterior augment with a thickness of 10 mm  

 

 

 

 

 

 

 

 

 

 

 

Figure 106 - Von Mises stress distribution at femur – augment interface for a flexion angle of 45°  

and a posterior augment of 10 mm 
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Looking at the graphical overviews, the main change in terms of bone stress occurs on the 

medial side, while no significant variations are reported on the lateral side, both for porous and 

solid metals.  

The quantitative values are reported as follows, for both cases, considering the local and global 

effects. 

 

 

Figure 107 - Flexion 45°: Average Von Mises bone stress analysing the local region of interest (depth of 10 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a distal augment placed on the medial femoral condyle. 

 

 

Figure 108 - Flexion 45°: Average Von Mises bone stress analysing the global region of interest (depth of 50 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a distal augment placed on the medial femoral condyle. 
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Observing the quantitative values of the average Von Mises stress caused by the insertion of an 

augment distally on the medial side of the femur: 

 Locally, a porous augment of 5 mm leads to an increase and a decrease in terms of bone 

stress of almost 4% on the lateral and medial side, respectively. 

 A conventional augment causes the same trend for the lateral side (increase of 4% for 

an augment of 5 mm) while it induces a reduction of 15-16.5% and 12.5-13.5 % with a 

thickness of 5 mm and 10 mm, respectively, on the medial side. 

 

Globally, the change of bone stress is reduced dramatically: in fact, it is possible to notice that 

all porous metals show a behaviour that is very close to that of control model! Analysing the 

conventional metals, the reduction of Von Mises stress is less than 10%. 

 

The quantitative analysis carried out to show the effects of a posterior augment demonstrates 

that an increase of bone stress (up to 22% for Regenerex and a thickness of 10 mm) appears on 

the medial side when the augment is made of a porous metal. This increase is lower when a 

thickness of 5 mm is considered. No significant variations are induced on the lateral side both 

for porous and conventional metals. The opposite pattern is visible with a solid metal: there is 

a reduction of Von Mises which is maximum when an augment of 10 mm is implanted (up to 

23.5%). Globally, the gap is reduced for both types of materials. 

 

 

Figure 109 - Flexion 45°: Average Von Mises bone stress analysing the local region of interest (depth of 10 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a posterior augment placed on the medial femoral condyle. 

0

20

40

60

80

100

120

140

Lateral Medial



Chapter 4: Results 

96 

 

 

 

 

Figure 110 - Flexion 45°: Average Von Mises bone stress analysing the global region of interest (depth of 50 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a posterior augment placed on the medial femoral condyle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.3 Von Mises stress: flexion angle of 90°  
 

It is evaluated the insertion of a distal and then a posterior augment of 5 – 10 mm, placed on 

the medial condyle of the femur is investigated, comparing all the porous and solid biomaterials. 

For each configuration, a flexion angle of 90° is set and the “Control Model” is defined as that 

model where no augment is implanted. A graphical overview of the Von Mises stress 

distribution at the bone-augment interface is shown in the following figures. 
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                        Distal augment with a thickness of 5 mm  

 

 

 

 

 

 

 

 

 

Figure 111 - Von Mises stress distribution at femur – augment interface for a flexion angle of 90°  

and a distal augment of 5 mm 

 

 

 

 

 

   

 

 

 

                              Distal augment with a thickness of 10 mm  

 

 

 

 

 

 

 

 

 

Figure 112 - Von Mises stress distribution at femur – augment interface for a flexion angle of 90° 

and a distal augment of 10 mm 
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                      Posterior augment with a thickness of 5 mm 

 

 

 

 

 

 

 

 

Figure 113  - Von Mises stress distribution at femur – augment interface for a flexion angle of 90°  

and a posterior augment of 5 mm 

 

 

 

 

   

 

 

 

 

                       Posterior augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

 Figure 114 - Von Mises stress distribution at femur – augment interface for a flexion angle of 90°  

and a posterior augment of 10 mm 
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By comparing these configurations, it is possible to notice that for a distal augment, regardless 

of the thickness, Von Mises stress distribution is close to that of control model not only on the 

lateral side but also to the medial, considering the porous metals. On the other hand, if the 

augment is placed on the posterior side of the femur, the main change is visible on the medial 

side, both for porous and dense metals. A quantitative comparison between the different 

configurations is reported in the following figures. 

 

Figure 115 – Flexion 90°: Average Von Mises bone stress analysing the local region of interest (depth of 10 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a distal augment placed on the medial femoral condyle. 

 

 

 

Figure 116 - Flexion 90°: Average Von Mises bone stress analysing the global region of interest (depth of 50 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a distal augment placed on the medial femoral condyle. 
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As observed in the graphical overviews, looking what happens in the local region, the insertion 

of a distal augment made of a porous metal, regardless of the thickness, does not induce a 

relevant variation in terms of bone stress both on the lateral and medial side (maximum 

reduction for the medial side is 4% and also the maximum increase for the lateral side is 4%). 

On the opposite side, Co-Cr and Ti cause a most important reduction of the Von Mises stress 

on the medial side, which is dependent on the thickness: the reduction is 24-30% for a thickness 

of 5 mm and 33-39% for a thickness of 10 mm. Globally, the pattern is the same, but the gap 

has been reduced. 

 

 

Figure 117 – Flexion 90°: Average Von Mises bone stress analysing the local region of interest (depth of 10 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a posterior augment placed on the medial femoral condyle. 

 

The trend shown in the previous figure highlights that if a posterior augment is implanted, the 

lateral side is not subjected to a significant change in terms of bone stress, while an increase of 

Von Mises stress is reported on the medial side for the porous metals. The higher occurs when 

a thickness of 10 mm is considered, but the difference in terms of average stress between a 

thickness of 5 and 10 mm is not relevant. For the conventional metals, the main variation 

appears on the medial side where it is possible to notice a relevant decrease in terms of bone 

stress (up to 30%): there is no difference if the thickness of the augment is changed.  

Globally, also for these configurations, the trend is the same of the local region, but the gap is 

reduced. 
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Figure 118 - Flexion 90°: Average Von Mises bone stress analysing the global region of interest (depth of 50 

mm), comparing all the trend of all the thicknesses and all the biomaterials to the control model and among 

them, and considering a posterior augment placed on the medial femoral condyle. 

 

 

 

 

 

 

 

 

 

 

 

4.2.4 Shear stress: flexion angle of 0° 

 

In the following paragraphs the distribution of the bone shear stress caused by the insertion of 

an augment is investigated: the effects of a distal and then a posterior augment of 5 – 10 mm, 

placed on the medial condyle of the femur is are analysed, comparing the behaviour of the 

porous and solid biomaterials. For each configuration, a flexion angle of 0° is set and the 

“Control Model” is defined as that model where no augment is implanted. A graphical overview 

of the shear stress distribution at the bone-augment interface is shown in the following figures. 
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                              Distal augment with a thickness of 5 mm 

 

 
Figure 119 - Shear stress distribution at femur – augment interface for a flexion angle of 0° 

and a distal augment of 5 mm 

 

 

 

   

 

 

 

 

 

                            Distal augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

Figure 120 - Shear stress distribution at femur – augment interface for a flexion angle of 0° 

and a distal augment of 10 mm 
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                          Posterior augment with a thickness of 5 mm  

 

 

   

 

 

 

 

 

 

 

 

Figure 121 - Shear stress distribution at femur – augment interface for a flexion angle of 0° 

and a posterior augment of 5 mm 

 

 

 

 

 

 

 

 

 

                           Posterior augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

Figure 122 - Shear stress distribution at femur – augment interface for a flexion angle of 0° 

and a posterior augment of 10 mm 
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The same considerations expressed for the distribution of Von Mises stress caused by the 

insertion of an augment are worth also for the shear stress: looking at these graphical 

representations, it is possible to notice that the lateral side is not subjected to a significant 

variation, while the main change occurs on the medial side both for porous and solid metals. 

The results obtained by a quantitative analysis are reported in the following figures. 

 

Figure 123 - Flexion 0°: Average shear bone stress analysing the local region of interest (depth of 10 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a distal augment placed on the medial femoral condyle. 

 

Analysing the local effects of a distal augment placed on the medial side of the femur, it is 

possible to notice that the most significant change in terms of shear bone stress is showed on 

the medial side, both for porous and solid metals. A decrease is reported for both types: 

 For porous metals the average shear stress is very close to that of control model if a 

thickness of 5 mm is considered, while a decrease (up to 15% for Gription) is reported 

if an augment of 10 mm is implanted. For the lateral side there is a slight increase (up 

to 5%). 

 For the conventional metals, the trend is the same of porous metals but the variations 

on the medial side are more relevant (up to 47% for a thickness of 10 mm), while an 

increase less than 10% occurs on the lateral side. 

Globally, the pattern is the same, but the offset of the shear stress from the control model for 

conventional metals is reduced (39%), while the values reported for the porous metals are 

almost the same of local analysis. 
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Figure 124 - Flexion 0°: Average shear bone stress analysing the global region of interest (depth of 50 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a distal augment placed on the medial femoral condyle. 

 

 

Furthermore, looking at what happens if a posterior augment is placed on the medial side of the 

femur, it is possible to notice that there is no change in terms of shear stress (<5%) for the lateral 

side. Analysing the value reported for the medial side, the following bar graph shows that if a 

porous metal is used, shear stress does not change significantly also on the medial side: the 

maximum increase is almost of 9% for a thickness of 10 mm. 

For the conventional metals, there has been an increase more marked: up to 30% for a Co-Cr 

augment of 10 mm. 

 

Figure 125 - Flexion 0°: Average shear bone stress analysing the local region of interest (depth of 10 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a posterior augment placed on the medial femoral condyle 
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Figure 126 - Flexion 0°: Average shear bone stress analysing the global region of interest (depth of 50 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a posterior augment placed on the medial femoral condyle. 

 

Globally, data analysis demonstrates that shear stress distribution with a porous augment is very 

close to that of control model also for the medial side, regardless of the thickness. If a solid 

augment is implanted the increase is reduced to approximately 20%. 

 

 

 

4.2.5 Shear stress: flexion angle of 45° 

 

In this section the distribution of the bone shear stress caused by the insertion of an augment is 

investigated: the effects of a distal and then a posterior augment of 5 – 10 mm, placed on the 

medial condyle of the femur is are analysed, comparing the behaviour of the porous and solid 

biomaterials. For each configuration, a flexion angle of 45° is set and a graphical overview of 

the shear stress distribution at the bone-augment interface is shown in the following figures. 
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                                 Distal augment with a 

thickness of 5 mm 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 127 - Shear stress distribution at femur – augment interface for a flexion angle of 45° 

and a distal augment of 5 mm 

 

 

 

   

 

 

 

 

 
 

                                 Distal augment with a thickness of 10 mm 
  

              

 

 

 

 

 

 

 

 

Figure 128 - Shear stress distribution at femur – augment interface for a flexion angle of 45° 

and a distal augment of 10 mm. 
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                           Posterior augment with a 

thickness of 5 mm 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 129 - Shear stress distribution at femur – augment interface for a flexion angle of 45°and a posterior 

augment of 5 mm 

 

 

 

 

 

 

 

 

 

                              Posterior augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

 

 

 

Figure 130 - Shear stress distribution at femur – augment interface for a flexion angle of 45°and a posterior 

augment of 10 mm 

 

  CONTROL MODEL 
   

   
Trabecular Metal Regenerex Tritanium 

   
Gription Cobalt Chrome Titanium 

CONTROL MODEL 

   

   
Trabecular Metal Regenerex Tritanium 

   
Gription Cobalt Chrome Titanium 

Medial Lateral 

Medial Lateral 



Chapter 4: Results 

109 

 

The quantitative values are displayed in the following figures. 

 

 

Figure 131 - Flexion 45°: Average shear bone stress analysing the local region of interest (depth of 10 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a distal augment placed on the medial femoral condyle. 

 

Analysing the quantitative values locally, it is possible to state that an augment of 5 mm, 

regardless of the material, varies the distribution of the average shear stress on the lateral side, 

inducing a maximum increase of approximately 10% for both types of materials. On the medial 

side, bone shear stress is very close to that of the reference model for the porous metals (only a 

slight reduction: 2-3%), while the convention metals cause a decrease of 16-17%. If an augment 

of 10 mm is implanted to treat bone loss, porous metals induce a reduction up to 8-9% in terms 

of shear stress but this variation is most relevant for the dense metals: 30 - 34%. Globally, the 

trend is the same but as for a flexion angle of 0°, the offset from the control model has been 

reduced for both categories. 

 

Figure 132 - Flexion 45°: Average shear bone stress analysing the global region of interest (depth of 50 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a distal augment placed on the medial femoral condyle. 
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Analysing the results obtained if a posterior augment is placed on the medial side of the femur, 

it is possible to highlight that locally, there is no significant change in terms of shear stress on 

the local side for both porous (reduction up to 6%) and solid metals (increase up to 6%). It is 

possible to notice the main variation occur on the medial side:  

 A porous augment causes a reduction up to 17% (Regenerex) if is considered a thickness 

of 5 mm; while for a thickness of 10 mm is very close to that of control model. 

 A solid augment induces an increase up to 27% (Co-Cr) if is implanted an augment of 

10 mm; while for a thickness of 5 mm leads to a decrease less than 5%. 

 

 

Globally, the trend is the same for both types of material: the most critical configuration is that 

with a posterior augment of 5 mm: it causes an increases of approximately 20% on the medial 

side and also a reduction on the lateral side that it is most significant for the dense metals, so it 

is more convenient to use an augment made of porous metals. 

 

 

Figure 133 - Flexion 45°: Average shear bone stress analysing the local region of interest (depth of 10 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a posterior augment placed on the medial femoral condyle. 

 

 

 

0

20

40

60

80

100

120

Lateral Medial



Chapter 4: Results 

111 

 

 

Figure 134 - Flexion 45°: Average shear bone stress analysing the global region of interest (depth of 50 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a posterior augment placed on the medial femoral condyle. 

 
4.2.6 Shear stress: flexion angle of 90° 

 

In this section, the effects of a distal and then a posterior augment of 5 – 10 mm, placed on the 

medial condyle of the femur is are analysed. For each configuration, a flexion angle of 90° is 

set and graphical overviews are reported: 

 

 

   

 

 

 

                                  Distal augment with a thickness of 5 mm 

 

 

 

 

 

 

 

Figure 135 - Shear stress distribution at femur – augment interface for a flexion angle of 90° 

and a distal augment of 5 mm 
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                                Distal augment with a thickness of 10 mm 

 

 

 

 

 

 

 

 

 

 
 

Figure 136 - Shear stress distribution at femur – augment interface for a flexion angle of 90°and a distal 

augment of 10 mm 

 

 

   

 

 

 

 

 

                                  Posterior augment with a thickness of 5 mm 

  

 

 

 

 

 

 

 

 

Figure 137 - Shear stress distribution at femur – augment interface for a flexion angle of 90° 

and a posterior augment of 5 mm 
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                           Posterior augment with a thickness of 10 mm 

 

 

 

 

 
 

 

 

 

 

 

Figure 138 - Shear stress distribution at femur – augment interface for a flexion angle of 90° 

and a posterior augment of 10 mm 

 

 

At first glance, these graphical overviews show that the lateral side is not subjected to a great 

change in terms of shear stress for all the considered configurations. The relevant variation 

occurs on the medial side. The results are reported in the following bar graphs. 

 

Figure 139 - Flexion 90°: Average shear bone stress analysing the local region of interest (depth of 10 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a distal augment placed on the medial femoral condyle. 
 

 

 

0

20

40

60

80

100

120

Lateral Medial

CONTROL MODEL 

        

   
Trabecular Metal Regenerex Tritanium 

   
Gription Cobalt Chrome Titanium 

Medial Lateral 



Chapter 4: Results 

114 

 

 

 

Figure 140 - Flexion 90°: Average shear bone stress analysing the global region of interest (depth of 50 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a distal augment placed on the medial femoral condyle. 

 

 

As previously stated, the shear stress distribution on the lateral side is close to that of control 

model for both porous and solid metals (variations less than 3%), if the region close to the 

augment is investigated. Porous metal augment of 5 mm causes a maximum rate of increase of 

8% in shear stress (Regenerex). If a porous augment with a thickness of 10 mm is implanted, 

there will be a reduction less than 2%. On the other hand, solid metals induce a decrease of 

approximately 10% for a thickness of 5 mm and about 20% for a thickness of 10 mm. 

Globally, if a porous augment of 5 mm is implanted, shear stress distribution is similar to that 

of control model for both sides (lateral and medial), while there is a decrease less than 10% if 

a thickness of 10 mm is considered. 

Instead, conventional metal produces more significant change also globally (up to 20% for a 

thickness of 10 mm). 
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Figure 141 - Flexion 90°: Average shear bone stress analysing the local region of interest (depth of 10 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a posterior augment placed on the medial femoral condyle. 

 

 

Figure 142 - Flexion 90°: Average shear bone stress analysing the global region of interest (depth of 50 mm), 

comparing all the trend of all the thicknesses and all the biomaterials to the control model and among them, and 

considering a posterior augment placed on the medial femoral condyle. 
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Chapter 5 
 

Discussion 
 

 

This study is carried out in order to analyse the change in terms of bone stress when an augment 

is inserted, coupled with the TKA femoral component or the TKA tibial tray, with the purpose 

of restoring bone stock.  

The aim of this work was to evaluate how different thicknesses, different materials and different 

flexion angles affect bone stress distribution.  

It is fundamental to select the most appropriate technique for the treatment of bone deficiencies 

because this choice influences the success of the revision procedure. Therefore, in order to allow 

long-term lifespan of the implant, it is crucial to ensure that stress and strain distributions on 

the host bone are as close as possible to those of the reference model (no augment is inserted) 

[99]. 

Furthermore, this study, as also other research, presents some limitations which are related to 

some assumptions:  

 Bone structures are modelled based on only one anatomy, without taking into account 

possible variations. But, according to literature, this hypothesis has been already used 

in other biomechanical analysis [100]. 

 According to previous validated models [59, 64] a linear elastic isotropic material model 

is assumed for the ligaments: they are modelled as beams where a preload is applied. 

 Currently, there are not enough available data about the mechanical behaviour of the 

bone at the micro and nano structural level [67] due to the complexity of their behaviour: 

bone structure is heterogeneous, viscoelastic and anisotropic [67, 71] Therefore, 

according to literature [59, 67, 69], it is assumed that all the materials adopted in this 

model are considered linear elastic and this hypothesis provides the possibility to 

compare the behaviour of all the materials adopted qualitatively. Furthermore, it isn’t 

taken into account the porosity of the bone structure because this work isn’t interested 

in the investigation of the implant-bone behaviour at microscopic level [59]. Therefore, 

taking into consideration these hypotheses, the bony structures behaviour is assumed 

transversely isotropic for the cortical bone, while linear isotropic for cancellous bone 

[70]. 



Chapter 5: Discussion 

117 

 

 According to literature [59, 67, 69], it is assumed that all the materials adopted in this 

model are considered linear elastic and this hypothesis provides the possibility to 

compare the behaviour of all the materials adopted qualitatively. 

 In this research, medial bone injuries are analysed because several studies [90, 101] 

have shown that medial defects often occur during revision and primary TKA.  

 

It is possible to conclude that the results obtained through the FEA are in agreement with those 

reported in literature, in particular for the change in bone stress caused by the insertion of a 

medial tibial augment. By analysing different techniques for treating the same bone defects, 

Completo et al. [90]  found out that the insertion of a filled cemented wedge made of CO-Cr 

causes no change on the lateral side (5%) and a reduction of bone stress of 23% on the medial 

side. According to Fehringer et al. [102], the most relevant variation occur on the medial side, 

while no significant change is reported on the lateral side.  

This study shows that the insertion of a metal block augment varies the stress distribution 

mainly on the medial side (where the step wedge is placed), while the lateral side is not 

subjected to a relevant variation.  

By analysing the Von Mises stress variations caused by the insertion of an augment 

characterized by different parameters (positions, thicknesses, flexion angles and materials), it 

is possible to notice that leading feature responsible of these changes is the stiffness of the 

adopted material. On the other hand, position (distal, proximal or posterior), thickness (5, 10 

and 15 mm) and flexion angle (0°, 45° and 90°) do not have a sensible influence on the bone 

stress. The following figures demonstrate this aspect:  

 

Figure 143 – Variations of Von Mises stress for a tibial distal augment: flexion angle 0°. 
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Figure 144 - Variations of Von Mises stress for a tibial distal augment: flexion angle 45°. 

 

 
Figure 145 - Variations of Von Mises stress for a tibial distal augment: flexion angle 90°. 

 
 

 

Figure 146 - Variations of Von Mises stress for a femoral distal augment: flexion angle 0°. 
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Figure 147 - Variations of Von Mises stress for a femoral posterior augment: flexion angle 0°. 

 

 

 
Figure 148 - Variations of Von Mises stress for a femoral distal augment: flexion angle 45°. 

 

 

 
 

Figure 149 - Variations of Von Mises stress for a femoral posterior augment: flexion angle 45°. 
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Figure 150 - Variations of Von Mises stress for a femoral distal augment: flexion angle 90°. 

 

 

Figure 151 - Variations of Von Mises stress for a posterior augment: flexion angle 90°. 

 

 

By observing these results, it is possible to conclude that it is advisable to use a material which 

has an elastic modulus as close as possible to that of cancellous bone. Therefore, porous metals 

represent a good alternative to the conventional metals because solid materials cause very 

marked variations on Von Mises stress distribution in the surrounding host bone. So, the use of 

porous materials could lead to a reduction of the loosening rate. 
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Furthermore, the following figures report the variation in terms of shear stress: in this case, it 

is possible to demonstrate that porous metals allow also a better bone shear stress distribution, 

if compared to that of conventional metals. The only critical configuration is when a tibial 

augment made of Regenerex with a thickness of 15 mm is implanted: if a flexion angle of 90° 

is considered, the change in terms of shear stress is around 32%, while if a conventional metal 

is adopted for treat this tibial defect, there will be a variation which is less than 20%. 

 

Figure 152 - Variations of shear stress for a tibial distal augment: flexion angle 0°. 

 

 

 

Figure 153 - Variations of shear stress for a tibial distal augment: flexion angle 45°. 
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Figure 154 - Variations of shear stress for a tibial distal augment: flexion angle 90°. 

 

 

Figure 155 - Variations of shear stress for a femoral distal augment: flexion angle 0°. 

 

 

Figure 156 - Variations of shear stress for a femoral posterior augment: flexion angle 0°. 
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Figure 157 - Variations of shear stress for a femoral distal augment: flexion angle 45°. 

 

 

Figure 158 - Variations of shear stress for a femoral posterior augment: flexion angle 45°. 

 

 

Figure 159 - Variations of shear stress for a femoral distal augment: flexion angle 90°. 
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Figure 160 - Variations of shear stress for a femoral posterior augment: flexion angle 90°. 
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