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Abstract 
 
Anatomic total shoulder arthroplasty (aTSA) has markedly developed in the decades thanks to 
its efficacy in relieving patients’ pain and restoring the correct function of arthritic shoulders 
[106] [107]. The main reason of its failure is glenoid component loosening, since it jeopardies 
stability and survival of the implant, chiefly in shoulders with preoperative erosion [15]. 
Posterior glenoid erosion is commonly found in some patients affected by osteoarthritis. That 
type of disorder can lead to an increase of complications and component loosening, affecting 
negatively on clinical outcomes after an aTSA [14] [15]. Eroded shoulders are difficult to deal 
with and correct because the glenoid components need sufficient bone support for the 
implantation so as to promote osseous integration or cement layer long-term survival. 
Therefore, predicting the possible consequences of implanting an anatomic component with 
incomplete bone support is crucial for long term stability of implant. 

The adequate bone support to limit glenoid loosening has not yet been defined [56]. 
Thus, the aim of the present work is to analyse the effects of posterior bone erosion on the 
glenoid-component stability when anatomical shoulder prostheses are implanted and to provide 
indications on what could be the impact of bone support reduction on the strains and stresses 
both in the bone and in the prosthesis. 

In order to do this, 3D Finite Element models were generated using a mean shape 
scapula and two types of implants: the former is an all PE cemented component and the latter 
is a T.E.S.S. cementless component. Five different type-B2 bone erosions (5°, 10°, 15°, 20° and 
30°) were implemented through a 3D cutting procedure. A quasi-static analysis was performed 
simulating a worst-case scenario during a 90° abduction in the frontal plane. Two loading 
conditions were considered: concentric and eccentric compressive forces applied 
perpendicularly to the glenoid plane mimicking the actual clinical situations [100].  FEA results 
were compared in terms of glenoid loosening, bone stress and strain using three failure criteria.  

All considered parameters showed an upward trend compared to the reference model 
(without posterior erosion) with the decreasing of bone support for both loading conditions. 
Even though, the values obtained in the eccentric condition were always higher than those in 
the concentric case for both implants. For the all PE implant a decrease of the backside support 
until 95% had no relevant effect on cement stress, however the high degree of CCV for the 
reference model should raise concern.  In case of a cementless component interfacial 
micromotions increased starting from 97% bone support. Consequently, all of which leads to 
the conclusion that an anatomic glenoid component should always be implanted with full 
backside support. In case this is not possible without jeopardising other outcome related factors 
like glenoid orientation, other options should be investigated. 
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Chapter 1 
Introduction 
 
 

1.1 Shoulder anatomy 
 

 
The shoulder is one of the most complex and mobile joints in the body. It is formed by several 
structures: bones and joints, ligaments and tendons, muscles, nerves, blood vessels and bursae 
(Figure 1). Such structures are linked and work together to control the typical motions of the 
upper limb. The scapula, the clavicle and the humerus are the three main bones in the shoulder. 
They are related through four joints [1]: 

• glenohumeral joint (GHJ): it is a ball-and-socket joint, characterized by the glenoid 
cavity in which the head of humerus articulates. The articular surfaces are covered by 
hyaline cartilage; 

• sternoclavicular joint (SCJ): it supports the connection of the shoulders and arms to the 
main skeleton on the front of the chest; 

• acromioclavicular joint (ACJ): it is a plane synovial joint, that connects the clavicle to 
the acromion process of the scapula; 

• scapulothoracic joint (STJ): it is considered a not true anatomic joint, that links the 
scapula to the ribs at the back of the breast. 

 

 
Figure 1 - Shoulder Anatomy [2]. 
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Many muscles attach to the main bones of the shoulder and allow a wide range of motions 
of the upper arms. The most important muscles are:  

• the infraspinatus: it is a rotator cuff muscle and links the humerus and the scapula 
through tendons; 

• the deltoid: it is the largest muscle of the shoulder and covers the GHJ. Such muscle 
allows different motions of the scapula (extension, flexion and abduction); 

• the trapezius muscles: it allows the elevation of the clavicle and consequently of the 
whole shoulder; 

• the pectoralis: it connects the humerus, the clavicle and the sternum on the front of the 
chest. 
 

The rotator cuff is a muscle-tendon system of the shoulder made up of four tendons and 
four muscles (subscapularis, infraspinatus, teres minor, supraspinatus). Such system has two 
important tasks: the former is to stabilize the upper limb and the latter is allow the rotation and 
the abduction [3]. 
 
 

 
 

Ligaments, tendons and muscles cooperate to allow stable motion through generating joint 
moments and stabilizing forces. The shoulder provides to the upper limbs a wide range of 
motion: flexion, extension, adduction, abduction, external and internal rotations, 360° 
circumduction in the sagittal plane, scapular retraction, protraction, elevation and depression 
(Figure 2). 

 
 

Figure 2 - Shoulder Joint Movements [4]. 
 

The abduction motion in the scapular plane is considered in the present work. The main 
muscles involved in the abduction motion are the deltoid, the trapezius and the supraspinatus. 
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1.2 Total Shoulder Arthroplasty (TSA) 
 

 
Shoulder pain is a frequent disorder that occurs in many diseases of the glenohumeral joint. 
Generally, such symptomatology spreads to the neck and the hand leading to difficulties in the 
motion of the upper limb. The treatment of shoulder disorders is still a complex and challenging 
matter. When conservative or medical therapy do not carry out to effective results, the use of 
prosthesis represents a definitive solution to pain. 

Total shoulder arthroplasty (TSA) is a surgical technique which involves the glenohumeral 
joint (GHJ) replacement in order to reduce patients’ pain and to restore the correct function of 
the shoulder. Several reasons lead to TSA: 

• osteoarthritis: it involves to the loss of cartilagine on the humeral head and on the 
glenoid with the subsequent disappearance of the joint space between the scapula and 
humerus, articular surfaces deformations and formations of osteophytes; 

• rotator cuff tear arthropathy: a huge lesion of rotator cuff leads the humerus to lose the 
centering with the glenoid and to move upward; 

• rheumatic diseases; 

• humeral head necrosis: the humeral head deforms and degenerates as a result of the lack 
of the appropriate blood supply; 

• poorly established fractures [5]. 

 
The GHJ replacement has the aim of reproducing the mechanics and anatomy of the joint 

through the insertion of prosthetic components chosen according to the specific requirement of 
each patient and pathology. The main components of a typical shoulder implant (Figure 3) are:  

 
 
 

Figure 3 - Anatomical Total Shoulder Arthroplasty [10]. 
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• humeral component: it consists in a cemented or cementless stem and a cap with a 
spherical surface. Before the positioning of the component, the humeral head is 
dissected and the degenerated portion is removed. Furthermore, the humeral canal is 
excavated to insert the stem; 

• glenoid component: it is characterized by a concave surface, which can be all in 
polyethylene or composed of a metal baseplate and a polyethylene insert. 

 
The shoulder arthroplasty has developed significantly over the last fifty years. According 

to Khatib et al. [6], the shoulder arthroplasty procedures have increased of 393% in the New 
York State between 2001 and 2010. Such increase reflects the improvement of prosthetic 
implants, the general success of the surgical techniques and the growing desire of patients to 
improve their quality of life.  

The evolution and the increase of shoulder implants lead to a surgical revisions growth: they 
have risen of 29% over the last ten years. The revision rate for a TSA is higher than knee and 
hip arthroplasty over a 10-year observation period [7]. Many studies [8] shows a TSA success 
from 67% to 99.7% over a <10-year follow-up, while according to other researches [7] the 
success rate decreases significantly over a >10-year follow-up. 

Total shoulder arthroplasty is not free from intra-, peri- and post-operative complications. 
A prosthetic shoulder can last from 10 to 20 years [5] and it presents some risks like all invasive 
surgical procedures. Such events include infections, instability of the prosthesis, fracture of the 
scapula or humerus, the formation of hematomas and paralysis of nerve. 

Several causes affect shoulder prosthesis durability: implant design, size and positioning, 
bone structure and quality and forces. The main reasons of implants failure concern the glenoid 
cavity, in particular the bone erosion (20.6%) and glenoid component mobilization (14.3%) [9]. 
From what was previously said, a method to reduce the failure rate of glenoid component should 
be sought in the study of glenoid morphology and orientation and in the eventual correction of 
this last, in the choice of the most suitable implant for the patient and in the improvement of the 
surgical procedure. 
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1.3 Bone erosions 
 

 
Glenoid pathology can change the structure of the glenoid cavity. Glenoid erosions represent a 
hard challenge to face for shoulder arthroplasty surgeons. Lack of sufficient bone support takes 
on particular importance in the TSA planning because glenoid bone loss can increase the 
glenoid component loosening [11]. Progressive bone loss leads to an increase of glenoid 
retroversion, which is correct when a TSA is performed. Thus, pre-operative planning is 
fundamental to quantify bone loss. 

Several methods to assess posterior subluxation of humerus and glenoid erosion developed. 
Walch et al. [12] carried out a study on the possibility to classify the glenoid morphology in 
primary glenohumeral osteoarthritis (GHOA) and they developed a system based on the 
typology and severity of glenoid usury and version (Figure 4). The humeral head position in 
the glenoid cavity is an important element to predict the glenoid morphology evolution. Three 
kinds of glenoid were defined and identified by letters and numbers: 

• Type A: in a type A glenoid the humeral head is well-centered and the forces are well-
distributed on the glenoid surface. According to the erosion severity, the glenoid can 
be type A1 (minor erosion) or type A2 (major erosion). 

• Type B: in a type B glenoid the humeral head is subluxated posteriorly and it leads to 
an asymmetric distribution of loads. According to the erosion severity, the glenoid can 
be type B1 (posterior subluxation without erosion) or type B2 (posterior erosion with a 
biconcave glenoid). 

• Type C: a type C glenoid is characterized by a retroversion over 25° without taking 
into account the erosion.  
 

 
 

Figure 4 - Walch classification of glenoid morphology [13]. 
 

B2 glenoid morphology is difficult to deal with in an anatomic total shoulder 
arthroplasty. Many studies have shown an increase of complications and rates of glenoid 
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component loosening and poor clinical outcomes after an anatomical total shoulder 
arthrosplasty (aTSA) in patients with B2 glenoids [14] [15].  

B2 erosion occurs in more than 41% of patients [16] and the traditional surgical 
procedures are often inadequate to its treatment [17] [18]. The most widely used techniques to 
face B2 glenoid defects include: the asymmetric reaming of the glenoid and the use of a standard 
glenoid component if the bone loss is minimal; the bone grafting or the use of augments if the 
bone loss is considerable. In certain cases, reverse shoulder arthroplasty shall be used [19].  
 
 
 
1.4 Aim of the work 
 

 
The aim of the present work is to analyse the effects of posterior bone erosion on the glenoid 
component stability when anatomical shoulder prostheses are implanted and to provide 
indications on what could be the impact of bone support reduction on the strains and stresses 
both in the bone and in the prosthesis. 

Two types of implants were considered in this study and they were compared in terms 
of glenoid loosening, bone stress and strain: the former is an all PE cemented component and 
the latter is a T.E.S.S. cementless component. 

The study is organized into two main steps: firstly, a Finite Element model of the 
shoulder was implemented and several type B2 bone erosions were performed; secondly, the 
two prostheses were implanted and the FEA results were analysed. 
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Chapter 2 
Glenoid Components 
 
 
The first total shoulder implant was introduced by Neer in 1974 [20], and it included a 
cemented, all PE keeled component and a monoblock humeral stem. Prostheses designs have 
developed significantly over the last sixty years to try and solve the initial problems they 
presented: limited range of motions and functions and components loosening.  

Each year around 23 000 shoulder prosthesis surgeries are performed compared to 343 
000 hip prosthesis surgeries and 400 000 knee ones [21]. The limited number of shoulder 
replacement is due to the complexity of shoulder joint. Because of it, several shoulder implants, 
fixation methods and surgical procedures exist, they are used according to diseases and 
implicated tissue. 

 
 
2.1 Glenoid classification 
 

 
Modern glenoid components can be classified according to shapes, sizes, fixation methods and 
designs. Some components have a pear shape to fit well to glenoid cavity’s shape, while others 

present an elliptical shape, which adapts better to glenoid after reaming.  

Moreover, prostheses backsides can be one of two types: flat or convex. Anglin et al. 
[22] carried out a study to evaluate the resistance to loosening of flat of curved- and flat-back 
glenoid components. They observed favourable results for the curve-back components: these 
last allow to preserve more bone during the replacement surgery and they endure micromotions 
more efficiently than flat designs. Other research [23] through FEA demonstrated a minor 
susceptibility to malposition-related failure for the curved-back glenoids. 

One of the main goal in TSA is reaching long-term fixation of the glenoid component, 
which can be limited by decrease of bone support in the glenoid cavity. For this purpose, several 
types of fixation methods have been developed, they include cemented, cementless, minimally 
cemented and hybrid devices.  

Cemented components with pegs or keels are the most common and they provide a more 
predictable fixation, while cementless components are based on biologic integration: screws or 
press-fit pegs are used to obtain an initial fixation, which facilitates long-term bone 
ongrowth/ingrowth. However, even though uncemented components present theoretic benefits 
compared to those cemented, they show higher complication rates. Hybrid fixation is a 
combination of the two methods of fixation described above. These implants are minimally 
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cemented, they maintain the thickness of traditional all-poly cemented components and they 
are fixed through pegs, sleeves or other features. 

Glenoid implant designs can be divided into all-polyethylene and metal-backed 
components. The former are generally fixed through a cement layer and they are limited by the 
higher stresses, that occur in the cement, while the latter show a higher rate of failure due to the 
excessive micromotion at the interface bone-implant. 
 
 

 
 

The majority of glenoid components used today are wholly constituted in polyethylene (PE) 
and designed to a cemented fixation around pegs or keels. This may be due in part to the good 
mechanical properties of all-PE components: they allow the translation of the humeral head, 
but they do not transmit excessive stress at the interface. 
 

 
 
Pegged components are made up of circular pegs that may differ in number, configuration and 
length (Figure 5a and Figure 5b), while keeled components are characterized by a tapered “fin” 

with roughly rectangular cross section (Figure 5c). 
 

 
 
 

Figure 5 - All PE Glenoid Components: (a), (b) pegged glenoids; (c) keeled glenoid [24]. 
 

Many studies were carried out during the years to compare keeled and pegged 
components and to provide information about which of the two implants could present the better 
results. Some research through radiographic comparison [25] [26] demonstrated that keeled 
components are inferior radiographically to pegged components. Two-dimensional Finite 
Element Analyses [27] [28] also found that pegged implants showed a more physiological stress 
distribution, concluding that the use of pegged designs is the best approach for regenerating 
physiological bone stresses. A recent comparative study [29] through a three-dimensional Finite 
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Element Analysis showed different performances of the two implants depending on the bone 
quality. In particular, Lacroix et al. [29] demonstrated that cement stresses are lower in normal 
bone for a pegged component, whereas a keeled component provides lower cement stresses in 
rheumatoid arthritic (RA) bone. 
 

 
 
Both keeled and pegged implants are intended for cemented fixation. A great deal of research 
[30] has analysed the effect of cement preparation techniques and cement layer thickness on 
fixation thereof. Terrier et al. [31] evaluated how the stresses in the cement and the bone 
changed considering several uniform cement thicknesses (0.5, 1, 1.5 and 2 mm) and a flat-
backed keeled glenoid. In their Finite Element Analysis, they used two types of loads, 
concentric and eccentric loadings, and two types of contact condition, namely debonded and 
bonded conditions. Therefore, they observed that cement stress decreased with the increasing 
of cement mantle thickness and a cement thickness of 1 or 1.5 mm allowed to minimize bone 
stress. Furthermore, they observed that the overall stress in the cement layer and bone were 
higher with eccentric loads and debonded condition. Accordingly, they suggested that a uniform 
cement layer 1.0 mm thickness was optimal for a better stability. 

Anglin et al. [22] studied the correlation between cement fixation and glenoid surface 
finish. They compared the resistance to glenoid loosening with two implants: roughened- and 
smooth-back ones. The former resulted more stable resisting until 250 000 eccentric loading 
cycles, while the latter yielded during the first cycle. 
 

In the last years, various version of the traditional all-poly pegged prostheses were 
developed with the aim of improving components stability. In fact, to achieve a better stability 
against micromotions, divergent pegs were introduced (Figure 6a). Besides, parametric studies 
have analysed how pegs design affected implant stability [33], since the existence of several 
prosthetic designs pointed out uncertainty relating to the optimal design able to decrease stress 
and relative micromotions at the bone-implant interface.  

 

 

 
Figure 6 - Pegged Glenoid Designs: (a) glenoid component with divergent pegs [11];  (b) Wahab et al. [34] 

analysed designs. 
 

(b) (a) 
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Giori et al. [33] performed mechanical tests to evaluate the sheer stability of five 
geometries with different size and shapes. The analysed parameters were the size, number and 
the aspect ratio (length/diameter) of the pegs. The results showed a more uniform stress 
distribution in the support material and a more sheer stability per unit volume in implants with 
multiple small pegs than those with fewer larger pegs. 

A similar study was carried out by Wahab et al. [34] using a Finite Element Analisys. 
They compared the stability of four implants with different number of pegs (Figure 6b) in terms 
of relative micromotions and focal stress distributions. The results suggested that the 
micromotions for all implants remained within the acceptable limit without compromising the 
prosthesis stability, while the total focal stress volumes exceeding the specified threshold 
decreased with increasing number of pegs. Therefore, according to Wahab et al. [34] the 
optimal peg design was represented by four-peg glenoid implant because it provided lower 
stress volumes than lesser-peg components, reduced cement mantle usage and preserved more 
bone support than major-peg components. 

 
 

 
 

Metal-backed prostheses were developed to improve glenoid components stability. The first 
components were cementless and fixed to the bone through screws. 

 
Originally the idea was to strengthen the polyethylene implant with metal in order to improve 
the stress distribution at the cement-bone interface. In 1978 Neer developed a metal back 
glenoid component called Neer Mark II [35]. However, several studies [36] [37] [38] 
demonstrated that the lucency rate did not decreased with the better loads transfer with the Neer 

 
 

 
Figure 7 - Metal backed implants: (a), (b) failed glenoid components [41]; (c) trabecular metal glenoid 

component [41]; (d) new generation metal backed implant [9]. 
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Mark II. In addition, the new implant had higher failure rate with shoulder pain and early 
loosening. Subsequently, a new concept of prosthesis started to develop widely: the aim was 
not just to improve Neer Mark II’s problems, but also to realize a new method of cementless 

primary fixation, more durable and stable, that could replace the cemented implants. The 
Cofield MB implant was designed in 1981 and it consisted of a porous surface fixed by two 
screws and a central uncovered peg [35]. Many studies [38] [39] [40] demonstrated that, even 
though Cofield MB component was well-fixed to the bone, a number of complications occurred: 
polyethylene wear and dismantling, dissociation between this last and metal, instability, upward 
migration, off-centered strain and fragilization of the cuff. Nowadays Cofield MB implant is 
obsolete. 

Over time metal-backed designs were modified, eliminating screw fixation and 
improving porous materials. These implants consisted of a polyethylene monoblock, that 
replaced the metal backing, and a porous central keel which allowed bone ingrowth [41]. 
However, the implants still presented high failure rate due to fractures at the keel-glenoid 
junction (Figure 7a and Figure 7b). To solve such problem, the bony ingrowth platform and the 
bond to the polyethylene monoblock were reinforce (Figure 7c). 

Recently, Castagna et al. [42] studied a glenoid component different from the others by 
the fixation mechanism (Figure 7c). The implant was characterized by a convex bone-metal 
back interface and a polyethylene insert; its stability was achieved through a large cable central 
peg. Based on the obtained results, Castagna et al. [42] concluded that a metal-backed glenoid 
component was a good option in the TSA that could be used as an alternative to cemented all-
polyethylene prostheses. 

 
 

 
 
The choice of the right glenoid component in the TSA in terms of better adaptability to the 
patient, stability and durable biologic fixation method appears to be extremely difficult. 

All-poly implants allow to reduce stress concentration and are more compliant than 
those metal-backed. These last are better in terms of lucency but the metal backing leads to a 
significant increase of stress concentration [43]. The critical zone of cementless component 
with two interfaces is the transition region where the metal baseplate meets the polyethylene 
insert. In this region high stresses develop that lead to polyethylene wear [44] [45] [46].  

Boileau et al. [47] carried out a study of 40 shoulders in which they compared the results 
of cementless and cemented implants. The results showed an increased incidence of 
postoperative radiolucent lines after a TSA with a cemented component: 85% for the cemented 
glenoids compared to 25% of cementless ones. Nonetheless these last required more revision 
surgery due to the early loosening: 20% for uncemented glenoid compared to 0% for cemented 
ones. According to their outcomes, Boileau et al. [47] suggested two potential causes of metal-
back loosening: biologic and mechanical, the former was due to metal and polyethylene wear 
debris that caused osteolysis, the latter was due to the lack of initial stability. Therefore, they 
concluded that uncemented glenoid fixation was inferior than that cemented.  
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Wallace et al. [48] analysed the outcomes of 26 cementless implants and 32 cemented 
components for a mean follow-up of 5 years. They observed that the intermediate results of 
cementless and cemented implants were comparable even though uncemented glenoids 
presented more early complications. 

A great deal of research [38] [49] [50] analysed survival of metal-backed components. 
A retrospective analysis of 140 cementless implants conducted by Martin et al. [49] for a mean 
follow-up of 7.5 years showed that 11.4% of prostheses failed clinically. The failure causes 
were polyethylene dissociation, components fracture and aseptic loosening. So, Martin et al. 
[49] identified the potential factors associated with clinical failure: radiolucent lines on the 
implant backside, postoperative pain and male gender. 

The comparison between cementless and cemented glenoid components has also been 
done through Finite Element Analyses. Gupta et al. [51] analysed a metal-back implant in 
several physiologic loading conditions and with different fixation (in the presence and in the 
absence of cement). Their results showed that higher Von Mises stresses occurred in the metal 
implant particularly during the abduction, while lower stresses occurred in the glenoid cavity 
under the implant. This indicated stress shielding phenomenon. However, the stresses in the 
cementless polyethylene component resulted 20% less than stresses in cemented polyethylene 
component, showing a better resistance to glenoid wear with a cementless fixation. 

Stone et al. [52] through a FEA found that cemented all-poly components presented a 
more physiologic stress distribution, while the stress in the subchondral glenoid bone were 
lower with cementless components. In addition, they noted higher stresses at the metal-
polyethylene interface in the cementless glenoids during eccentric loadings. They concluded 
that cementless implants had an increased failure rate compared to that associated with 
cemented components. The failure depended on stress shielding and high polyethylene wear. 

The reported incidence of polyethylene-metal dissociation, screw breakage before bone 
ingrowth and clinical failure of cementless implants points out the need of achieving steady 
primary fixation to facilitate osseous integration of cementless prostheses. Recent publications 
have attempted to evaluate the quality and density of the bone in the glenoid cavity in order to 
provide information about the screws optimal location. Anglin et al. [53] through the study of 
cancellous bone’s mechanical properties suggested that a deep fixation in the central region of 

glenoid cavity could allow a better initial fixation and this could be increased fixing the implant 
in the stronger regions of the glenoid cavity (posterosuperior and anterior zones). 

Codsi et al. [54] suggested three locations to fix cementless implant through screws: in 
the superior glenoid the screw should be placed in a 5-mm area, in the middle glenoid in a 7-
mm area and in the inferior glenoid in a 5-mm area. 

Although alternative designs and new porous material have been introduced over the 
years, uncemented components do not have had significant improvements in clinical 
performance, while all-polyethylene components have shown to outperform cementless 
implants, so they remain the most reliable option in the TSA. 
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2.2 Glenoid loosening  
 
Glenoid loosening has remained the primary complication and the major reason for failure since 
the introduction of Total Shoulder Arthroplasty in 1974 by Neer [55].  
There are several factors that contribute to glenoid loosening [34]: 
 

• Glenoid malposition: positioning the glenoid component in a right orientation is 
fundamental for implant long-term stability. A malpositioned component can 
prematurely loosen and clinically fail because of incomplete implant seating and 
inadequate bone support. Moreover, this can also influence significantly clinical 
outcomes [60]. The surgical techniques to minimize loosening consists of correcting the 
glenoid to neutral version and implanting the component in order to preserve bone and 
have a complete implant-bone contact [56].   
Yongpravat et al. [56] conducted a FEA to investigate cement mantle failure in the 
presence of several degree of glenoid correction. They demonstrated that considering 
only the implant orientation it is not possible to accurately predict the cement stress.  In 
addition, maintaining cortical bone appeared to be more important than version 
correction when the glenoid presented high deformity. Another FE study was carried 
out by Hopkins et al. [57], which evaluated how glenoid alignment affected cement 
stresses considering normal and rheumatoid bone. They concluded that components 
implanted in a central position presented lowest failure rate. Furthermore, bone quality 
amplified loosening incidence due to component malposition. Several publications [58, 
59] confirmed that glenoid retroversion led to eccentric loading and a significant 
increase in bone-cement interfacial stress and micromotions compared to glenoid 
implanted in a neutral position.  

 
• Glenoid mismatch: “radial mismatch” is defined as the difference between the curvature 

radii of the glenoid component and the humeral head and it assumes an essential role in 
the TSA because it influences contact mechanics and humeral head translation [61]. 
However, an optimal mismatch value does not exist because perfectly conforming 
articulating surfaces reduce humeral head translation, but they lead to edge loading, 
whereas less conforming glenoids allow to avoid edge loading through humeral head 
translation, but they are at risk of point loading and polyethylene wear [63]. 
 

• Rocking horse phenomenon: it is a repetitive off-center loading of the implant [22]. The 
rocking motion occurs in the superior-inferior plane, in particular the glenoid 
component is edge loaded and it is compressed on the opposite side. This condition 
creates a torque on the fixation surface that lead to an increase of tensile stress and 
micromotions at the interfaces. At this point the interfacial failure and component-bone 
dissociation occur [22] [32]. 

 
• Glenoid fixation failure: glenoid loosening could be associated with the lack of good-

quality fixation that does not allow bone ingrowth. Primary stability depends on several 
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factors such as implant design, patient variables, implantation and surgical techniques. 
According to the used implant, initial fixation may be obtained through PMMA bone 
cement or screws. All-poly cemented glenoid components with pressurized cementing 
technique are considered a better solution than cementless fixation via screws to 
minimize glenoid loosening [72] [73]. 

 
• Micromotions at bone-cement interface: interfacial micromotions are essential for 

osseointegration and bone ingrowth [63]. Minimum interface micromotions promote 
bone ingrowth, while high relative micromotions between the bone and the implant 
induce fibrous connective tissue ingrowth instead of bone. The absence of bone 
ingrowth caused by too high bone-implant micromotions leads to cementless implants 
failure. It is necessary to quantify micromotions to improve cementless implant, given 
that bone ingrowth can only occur if relative micromotions at the bone-implant interface 
do not exceed a threshold that could be chosen between 20 and 150 μm [71]. 
An experimental research [64] showed that micromotions equal to 75 μm led to fibrous 
tissue ingrowth, whereas micromotions of 40 μm allowed bone formation on a porous 
surface. Pilliar et al. [65] observed bone ingrowth in presence of micromotions less than 
28 μm, but when micromotions exceeded a value of 150 μm the fixation was ensured 
only by mature connective tissue. In vivo studies [66] [67] [68] showed that 
micromotions were frequently above the limits of bone ingrowth, while other studies on 
porous-coated implants showed a great variability in bone ingrowth [69] [70].  

 
• High stresses in the cement mantle: in the cemented components the generation of high 

stresses predispose patient to implant failure. In fact, stresses above a certain threshold 
induce the formation of microcracks. These last produce cement debris that may 
provoke an inflammatory reaction and so lead to bone-cement interface failure [31] [74]. 
 Literature [31] [56] [74] [75] suggests a threshold for cement failure initialization: 4 
MPa is the endurance limit that avoids PMMA failure after one million loading cycles, 
stresses above such threshold lead to 75% risk of cement failure. 
 

• Lack of bone quantity and quality: several shoulder diseases can damage bone quality 
and lead to a decrease of bone support for TSA. Surgical procedures (eccentric reaming, 
bone grafting) that allow to correct glenoid deformity involve the removing of normal 
bone. Although they allow a better forces distribution and a wider range of motions, 
they lead to a decrease bone support for the implant, a minor contact between bone-
implant and to a possible risk of bone perforation due to fixation pegs or screws [76]. 
Glenoid components should be placed in the presence of sufficient bone support in order 
to promote bone ingrowth and ensure implant long-term survival. However, no 
quantitative limit has ever been provided to indicate the maximum value of the degree 
of posterior glenoid erosion that can be corrected ensuring the appropriate bone support 
for the implant [77].  
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Chapter 3 
Finite Element Models 

 
 
The implementation of numerical models of the shoulder seems to be a hard challenge 
throughout the entire process, starting from the design to the validation. This is due to the 
complexity of the shoulder joint that involves a wide range of motions and complex active and 
passive stabilizing mechanisms [78].    

The increasing rate of injuries and the need to understand more thoroughly shoulder 
pathology to develop new therapeutic strategies have considerably encouraged the research 
activity. Numerical models of the shoulder allow to analyse and quantify features that would 
be difficult to achieve due to technical and ethical limits such as placement of sensors, lack of 
specimens, deterioration of tissue, etc. 

Several modelling approaches exist according to clinical question to which surgeons want 
to answer and shoulder aspect to be analysed. They can be divided into three groups [78]: 

• deformable models: this approach allows to address several problems within 
orthopaedics and biomechanics such as prostheses fixation and failure, joints 
degenerations and shoulder structures integrity, taking into account stress-strain 
distribution in the shoulder and the implants [79]; 

• rigid body models: this approach considers the shoulder and the humerus as solid bodies 
connected by kinematics constraints, while bodies deformations are neglected. Rigid 
body models allow to investigate ergonomics and joint kinematics thanks to simulations 
of collisions between entities, wrapping of the muscles over the bones and kinematics 
[80] [81]; 

• muscle force estimation: this approach is based on EMG-driven models and 
optimization methods that allow to estimate muscle force through the simulation of 
muscular action and joint reaction forces in order to face joint stability problems, 
muscular transfer and rehabilitation [78]. 

 
In the present work deformable models are used because, as already stated in section 1.4, 

the aim of the work is to study and give information about glenoid loosening in the presence of 
several type B2 bone erosions. 
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3.1 Preliminary assumptions 
 
The first step for the implementation of the models was the definition of guidelines and 
assumptions of choosing the variables from the literature. Initially, the following hypothesis 
were made under the guidance of the co-operative surgeon from the KU Leuven: 

I. Component medialization has no influence on rotator cuff muscles. 

Reaming technique to correct the orientation of the glenoid cavity and to medialize loads 
affects rotator cuff stress. In particular, it may alter not only the amplitude of the joint 
reaction force, but also the direction of load in the glenoid cavity. Since, this condition 
is hard to evaluate, in this work the potential alteration of the rotator cuff muscles is not 
accounted.   

II. Quasi-static abduction in the frontal plane is considered. 

This means that the inertial effects are considered negligible and, among the wide range 
of shoulder motions, the only 90° abduction in the frontal plane is considered. 

III. The developed model is a mean shape scapula and simulates a worst-case scenario. 

Scapula model was obtained from a Computed tomography (CT) scan dataset of 66 
healthy scapula without diseases. To simulate the worst-case scenario, maximal values 
from literature were used for loads. 

 
 
3.2 Scapula 
 
The three-dimensional geometry of the scapula was provided by IORT team from the KU 
Leuven as an orphan mesh (Figure 8a), its shape was obtained through different registration 
techniques able to elaborate a mean scapula shape based on a CT scan dataset of 66 healthy 
right scapula. In order to work with the model, the orphan mesh (STL file) was converted in 
CAD using 3-Matic (Materialise, Leuven, Belgium). Scapula’s geometry and volume were 
created and the rim of glenoid was drawn (Figure 8b). 

 

 

 

 
 

Figure 8 - Glenoid geometry: (a) orphan mesh in sagittal view (left) and posterior view (right);  
(b) scapula volume and glenoid rim in sagittal view (left) and posterior view (right). 

(a) (b) 
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Shoulder’s pathologies can lead to a distorted morphology of the scapula due to scapular bone 
loss. Obtaining scapular morphologic parameters is essential for TSA planning, since they 
influence implant survival and functionality [7] [58] [82] [83]. 

Therefore, scapular parameters such as reference points, axes and planes were defined 
to quantify glenoid orientation according to [84] [85] [86]. 

Three reference points were drawn on the scapular model (Figure 9a)): 

i. Trigonum Spinae (TS): it is the midpoint of the triangular surface placed on the medial 
border in line with the scapular spine; 

ii. Glenoid Center Point (GC): it is the point in the center of the glenoid fossa; 
iii. Angulus Inferior (AI): it is the most causal point of the scapula. 

 

Through defined points, four reference planes were achieved (Figure 9b and 9c): 

i. Glenoid Plane (GP): it is the least-square best-fit plane passing through the Glenoid 
Fossa and the Glenoid Center Point; 

ii. Scapular Plane (SP): it is the plane passing through Angulus Inferior, Glenoid Center 
Point and Trigonum Spinae; 

iii. Axial Plane (AP): it is the plane perpendicular to the Scapular Plane passing through 
Trigonum Spinae and Glenoid Center Point; 

iv. Glenoid Rim Plane (GRP): it is the plane parallel to the Glenoid Plane and tangent to 
the glenoid superior and inferior rim. 

Finally, two reference axes were drawn on the model (Figure 9d): 

i. Glenoid Axis (GA): it is the axis normal to the Glenoid Plane passing through the 
Glenoid Center Point; 

ii. Centreline (CL): it is the axis passing through the Trigonum Spinae and the Glenoid 
Center Point and perpendicular to the Scapular Plane. 

 
At this point, glenoid version and inclination were calculated according to [86]. The 

Glenoid Axis was projected on the scapular and axial planes. The angle formed by the centerline 
and the projection of the Glenoid Axes in the Scapular Plane is called glenoid version (Figure 
10a), while the angle formed by the centerline and the projection of the Glenoid Axes in the 
Axial Plane is called glenoid inclination (Figure 10b). The values of glenoid version and 
inclination for the mean scapula shape are shown in Table 1: 

Table 1 - Glenoid version and inclination. 

Version Inclination 
-5.7° -9.1° 
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Figure 9 - Scapular morphologic parameters: (a) reference points; (b) glenoid plane (red), axial plane (blue) 

and scapular plane (green); (c) glenoid rim plane; (d) centreline (red) and glenoid axis (blue). 
 
 
 

 
  

 

 
Figure 10 - Glenoid version (a) and inclination (b) [86]. 
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Verhaegen et al. [86] have carried out direct 3D measurements on a contralateral scapula 
to understand if such scapula could be used as a reliable model to evaluate glenoid version and 
inclination and to help surgeons during preoperative planning of TSA. From the analysis of 100 
scapulae they provided the mean values of glenoid version and inclination: -7° ± 4° for the 
version and -11° ± 4° for the inclination. The value calculated in this work are included within 
the range reported by Verhaegen et al. [86].  
 
 

 
 
The used literature [87] suggests to model the scapula as an isotropic and homogeneous linear 
elastic material made up of cortical and cancellous bone with the mechanical properties reported 
in Table 2. 

Since an orphan mesh of the scapula was provided, differentiating the cancellous bone 
from the cortical bone was difficult. For this reason, it was thought to assign mean values for 
Young’s modulus and Poison ratio to the scapula. Such mean values were obtained through a 

weighted average of cortical and cancellous values. To calculate such mean values, the 
following percentage was taken into account: 10% of cortical bone and 90% of cancellous bone. 
Material properties are shown in Table 2: 

 
Table 2 - Bone properties. 

 Material behaviour E (GPa) ν  
Cortical Bone Linear Elastic Isotropic 9.0 [87] 0.30 [87] 
Cancellous Bone Linear Elastic Isotropic 1.0 [87] 0.35 [87] 
    
Mean Scapula Linear Elastic Isotropic 1.8 0.31 
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3.3 Anatomical Shoulder Pegged and T.E.S.S. cementless 
components 

 
In this work two type of glenoid components were considered: a cemented all polyethylene 
implant (Anatomical Shoulder Pegged, Zimmer Biomet Inc, Indiana, USA) and a metal-backed 
cementless component (T.E.S.S., Zimmer Biomet Inc, Indiana, USA). The components differ 
in their fixation technique, structure and materials.  

Cementless implant consists of two components: a baseplate made in Porous Titanium 
TA6V Macrobond and Hydroxyapatite (Figure 11c); a PE insert (Figure 11b). Baseplate 
backside has a central convex surface and an external flat surface in order to maximise stability 
and besides to preserve bone stock, whereas the PE insert is fitted with a central peg in order to 
facilitate the positioning into the baseplate. T.E.S.S. shoulder system is directly inserted in the 
bone stock without requiring the use of cement, it is fixed through screws and spikes made in 
TA6V Titanium Alloy [88]. 

Anatomic Shoulder Pegged system is characterized by a single all PE component 
(Figure 11a) with four pegs and it is intended for cemented use only.  

 
Figure 11 - Glenoid Components: (a) Cemented all PE implant [89]; (b) PE insert and (c) baseplate [88]. 
 

Components’ sizes were chosen to fit properly the mean scapula shape, for both 
implants the small configuration was selected because it corresponded more closely to the 
glenoid cavity size. Glenoid cavity and implants sizes are reported in Table 3: 
 

Table 3 - Components' size. 

Component  Height 
(mm) 

Thickness 
(mm) 

Glenoid Cavity  32.5 - 
All PE Implant  33 5 
T.E.S.S. Baseplate 33 4 
 PE Insert 33 7 
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Prostheses materials were considered as homogeneous and isotropic linear elastic materials 
according to the used literature [75].  

As previously observed, all PE implant requires the use of bone cement for fixation. 
According to Terrier et al. [31], the optimal cement thickness to minimize bone stress and to 
obtain a better stability should be 1.0 mm or 1.5 mm. For this reason, a 1.0 mm cement layer 
was created along the pegs of the all PE implant through Abaqus/Standard version 6.14-1 
(Dassault Systèmes, Vélizy-Villacoublay, France). Figure 12a shows all PE implant with 1.0 
mm cement mantle. 

As regards material selection, Polymethyl Methacrylate (PMMA) properties were 
attributed to the bone cement, Ultra High Molecular Weight Polyethylene (UHWPE) properties 
were attributed to the cemented implant and the T.E.S.S. insert, while Trabecular Metal 
properties were attributed to T.E.S.S. baseplate (Figure 12a). Table 4Table 4 illustrates Young’s 

modulus and Poisson’s ratio for the implants and the cement mantle. 

 
Table 4 - Cement and prostheses properties. 

 Material Behavoiur E (GPa) ν 
Bone Cement PMMA Elastic Linear Isotropic 2.0 [56] 0.3 [56] 
Cemented Implant UHWPE Elastic Linear Isotropic 1.2 [75] 0.4 [75] 

T.E.S.S. Baseplate Trabecular Metal Elastic Linear Isotropic 2.6 [90] 0.3 [90] 
Insert UHWPE Elastic Linear Isotropic 1.2 [75] 0.4 [75] 

 
 

  
 

Figure 12 - Implants: (a) all PE implant with cement; (b) T.E.S.S. baseplate and insert. 
 
  

(a) (b) 
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3.4 Shoulder erosions 
 
This work focuses on the type B2 bone erosion because it represents the most frequent erosion 
in osteoarthritis. Such erosion is characterized by a biconcavity in the postero-inferior quadrant 
of the glenoid [16]. Quantifying type B2 bone erosion is fundamental for TSA because it causes 
glenoid retroversion leading to eccentric loadings, generation of higher stresses and thus to 
glenoid loosening and failure. 

On the request of surgeon, type B2 bone erosion was modelled according to Churchill 
et al. [16], which identified the “line of initial erosion” on a left shoulder. Such line represents 
the principal direction of erosion (Figure 13). Five different kinds of bone erosion (5°, 10°, 15°, 
20° and 30°) were implemented from the reference model without any erosion through a 3D 
cutting procedure. 

 

 
 
 

Figure 13 - Line of initial B2 erosion [16]. 
 

The references defined in section 3.2.1 were used to create the cutting planes in the main 
direction of erosion. The cutting techniques (Figure 14) consists of three steps: 

i. rotation of the Scapular Plane around the Glenoid Axis by 30° anti-clockwise; 

ii. creation of the intersection axis between the rotated Scapular Plane and the Glenoid 
Plane; 

iii. rotation of the Glenoid Plane around the intersection axis to create 5°, 10°, 15°, 20° 
and 30° cutting planes. 

Once the cutting procedure was performed, the volume of removed bone and the 
percentage of bone support were calculated for the five models of the scapula. For a mild 
erosion (5°) the volume of removed bone was equal to 147.6 mm3 corresponding to a bone 
support of 98%, whereas for a severe erosion (30°) the volume of removed bone was equal to 
2151.4 mm3 corresponding to a bone support of 84%. 

Since the scapula was modelled as a homogeneous material with mean values of 
Young’s modulus and Poisson’s ratio, it was not possible to evaluate directly from the models 

the percentage of bone support relating to the cortical bone and the cancellous one. Therefore, 
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the percentages of removed cortical bone and cancellous one were estimated considering the 
10% of cortical bone and the 90% of cancellous bone. The calculated values are shown in Table 
5, the eroded models obtained using the described cutting technique are displayed in Figure 15. 

Table 5 - Results of cutting procedure. 

Degree of erosion 0° 5° 10° 15° 20° 30° 
Volume of removed bone (mm3) - 147.6 326.3 567.6 1298.4 2151.4 
% Bone support 100% 98% 97% 95% 90% 84% 
% Cortical bone support 10% 9.8% 9.7% 9.5% 9.0% 8.4% 
% Cancellous bone support 90% 88.2% 87.3% 85.5% 81% 75.6% 

 

  

 
 

Figure 14 - Cutting technique. 
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Figure 15 - Eroded models in sagittal (left) and posterior (right) views. 
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3.5 Implanted models 
 
 

Positioning properly a glenoid implant is fundamental for its survival and for achieving 
positive functional results. Correct component fixation and placing are not easy to obtain and 
they are influenced by several factors, for instance surgeon experience and skills, implant type 
and accompanying instrumentation, patient’s glenoid anatomy [91]. 

With the help of the co-operative surgeon, a virtual bone reaming was performed in order 
to obtain a perfect bone-implant contact. Subsequently, the implants described in section 3.3 
were implanted in the eroded shoulders in such a way to have the same version and inclination 
of glenoid cavity. The eroded models with the all PE implant are displayed in Figure 16. 

 
 

Figure 16 - Eroded models with the all PE component in sagittal (left) and posterior (right) views.  
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The eroded shoulders with the cementless implant are shown in Figure 17. 
 
 

 
 

Figure 17 - Eroded models with T.E.S.S. in sagittal view (left) and posterior (right) views. 
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3.6 Contact properties 
 
 
As previously mentioned in section 3.3, the glenoid components differ in fixation technique: 
the all PE implant requests the use of cement, which ensures good primary stability, while 
cementless implant is directly implanted in contact with the bone and fixed through screws for 
the purpose of promoting biological fixation [92]. For this reason, interfaces were modelled 
using different behaviour according to implant and materials (Table 6).  

Models created with all PE implant show three interfaces because the bone cement were 
placed only along the four pegs. The three interfaces were set as non-bonded using a tangential 
behaviour penalty friction formulation. Friction coefficients for bone-cement, bone-implant and 
implant-cement interfaces were set respectively equal to 0.6 [34] [93], 0.2 [94], 0.6 [34] [93]. 

Models set up with T.E.S.S. are characterized by two interfaces: bone-baseplate and 
baseplate-insert interfaces. Baseplate-insert interface was set as perfectly bonded, whereas 
bone-baseplate interface was modelled as non-bonded to allow micromotions. Zhang et al. [50] 
provided values of friction coefficient for cortical bone-porous material and cancellous bone-
porous material interfaces respectively equal to 1.75 and 0.88. In the present work the scapula 
was defined as a single homogeneous material, thus the friction coefficient of bone-baseplate 
interface was obtained as the weighted average of the two values considering the 10% of 
cortical bone and 90% of cancellous bone. 
 

Table 6 - Contact properties. 

 Interface Materials in contact Friction coefficient 

All PE 
implant 

Bone-Cement Bone-PMMA 0.6 
Bone-Implant Bone-UHMWPE 0.2 
Implant-Cement UHMWPE-PMMA 0.6 

T.E.S.S. Bone-Baseplate Bone-Trabecular Metal 0.97 
Baseplate-Insert Trabecular Metal-UHMWPE Perfectly bonded 
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3.7  Boundary conditions 
 

In the present study the only abduction in the scapular plane is considered. During such 
movement the scapula is subject to several reaction, ligament and muscle forces. A great 
amount of research tried to estimate the joint reaction forces during upper limb abduction. Helm 
et al. [96] [97] assessed quality and quantitatively all forces acting on the scapula during 
abduction, providing the most complete dynamic model of the shoulder. The main muscles 
acting in shoulder abduction are the deltoid, the supraspinatus and the trapezius [98].  

The main load acting in the glenoid region is the glenohumeral joint reaction force (GH-
JRF), that presses humerus’s proximal part into the glenoid socket in order to limit the humeral 
head translation and ensure stability. Such force ranges between 40-90% of body weight (BW) 
and grows with the increasing of the abduction angle, reaching peak values at 80°-90° abduction 
in the scapular plane [99].  

To simulate a worst-case scenario on an average normal shoulder during a 90° 
abduction, the amplitude of GH-JRF was set equal to 750 N as recommended by literature [34] 
[56] [75] [97].  

Therefore, the models were loaded through a 750 N compressive force applied 
perpendicularly to the glenoid plane through a continuum distributing coupling interaction. 
Two loading configurations were considered: concentric and eccentric loading mimicking the 
actual clinical situations [100].  Loading application points were obtained according to Wahab 
et al. [34] using a curvature radius of 35 mm (Figure 18). Concentric load was applied in the 
centre of the prosthesis considering a contact area of 3 cm2, that corresponds to the 43% of the 
implant surface. The center of the eccentric load was determined rotating the radius of curvature 
of 20° in the superior direction and 10° in the posterior direction, as it is shown in figure. The 
contact area in the eccentric case was approximately 2 cm2 corresponding to the 28% of the 
implant surface. 

 

Figure 18 - Loading application point locations. 
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Scapula movement were avoided fixing its medial border. This situation corresponds to 
the physiological stabilization of the scapula during the abduction, accomplished by the 
trapezius muscle. The boundary conditions applied to the two implants are displayed in Figure 
19: 

 
 

Figure 19 - Boundary conditions: (a) medial border fixed; (b) eccentric and (c) concentric conditions  
for all PE implant (left) and T.E.S.S. (right). 

 
 
Table 7 shows an overview of the boundary conditions. 
 

 
  

Table 7 - Boundary conditions summary. 

Loads 
Type of 
Load Amplitude Direction 

Application 
Point 

Contact 
Surface 

Implant 
Surface Interaction 

Eccentric 
Load 

750 N ⊥ Glenoid 
plane 

Superiorly 
off-centered 
[34] 

Supero-
posterior 
location 

28% 
Continuum 
distributing 

Concentric 
Load 

750 N ⊥ Glenoid 
plane 

Centre of the 
implant [34] 

Central 
location 

43% Continuum 
distributing 

Constraints 
Type of constraint Fixed Region 

Encastre Medial border 

(a) 

(b) 

(c) 
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3.8 Mesh 
 
The scapula is characterized by a complex shape and geometry. In order to achieve a better 
approximation of the geometry and a good compromise between accurate results and an 
acceptable computational time, it was thought to divide the scapula into three areas and to use 
different element size for the mesh (Figure 20). 

The region of interest is the glenoid cavity, where the prostheses were implanted. It was 
picked considering a 2 mm distance from the longest peg. In the glenoid region a finer mesh 
with 1 mm linear tetrahedral elements was used to achieve reliable results. Moving in the medial 
direction, the intermediate scapular region and the medial scapular region can be found. This 
last was meshed using 15 mm linear tetrahedral elements because it is the less interesting region 
in which no results were calculated. The intermediate scapular region was picked considering 
a 15 mm distance from the glenoid region and it was meshed using an adaptive mesh (1-15 mm) 
(Figure 21a). The implants and the cement were meshed using 1 mm linear tetrahedral elements 
(Figure 21b). Table 8 shows an overview of the mesh sizes. 

 

 

  

 
 
 

Figure 20 - Scapular areas.  
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Figure 21 - Mesh: (a) scapula; (b) all PE implant and cement;  
(c) T.E.S.S. baseplate and insert. 

 

Table 8 - Mesh size summary. 

Loads 
 Region Element Type Mesh Size 
Bone Glenoid Region Linear tetrahedral elements 1 mm 

Intermediate Scapular Region Linear tetrahedral elements Adaptive mesh (1-15 mm) 
Medial Scapular Region Linear tetrahedral elements 15 mm 

Implants All PE Implant Linear tetrahedral elements 1 mm 
 Cement Linear tetrahedral elements 1 mm 
 T.E.S.S. Implant Linear tetrahedral elements 1 mm 

(a) 

(b) 

(c) 
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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 achieved considering two loading conditions 
(eccentric and concentric loads) for twelve models.  

The variables considered in the present study were: quantity of bone support, type of 
glenoid component and GH-JRF contact location. All other variables were maintained constant 
during the simulations. Output variables were analysed in the glenoid region defined in section 
3.8 and they are: 

• cement stress and bone-cement interfacial contact pressure for the all PE implant; 

• relative micromotions at the bone-implant interface and medial displacements for the 
cementless implant; 

• bone strain and stress for both implants. 
 

Peak and mean von Mises stresses were compared for the several models depending on 
bone support and type of implant. Furthermore, failure criteria were defined for bone stress and 
glenoid loosening. Bone failure was defined according to Chevalier et al. [75]. It was calculated 
the von Mises stress above which bone failure occurs: 
 

𝜎𝑦𝑖𝑒𝑙𝑑
𝑉𝑀 =  √

3

2
 𝐸𝑏𝑜𝑛𝑒  𝜀𝑇 = 3.37 MPa   (1) 

 
𝜀𝑇 is the tensile bone tissue yield strain, picked equal to 0.41% [75]. Subsequently the 
percentage of bone in the glenoid cavity in which stresses overcome the threshold was 
calculated. 

As already mentioned in section 2.2, failure initialization in the cement mantle occurs when 
stresses are higher than 4 MPa [31] [56] [74] [75], while cementless component failure takes 
place when relative micromotions at the bone-cement interface exceed a threshold range of 20 
and 150 μm [71]. Thus, two parameters were defined to compare the two prostheses in terms 
of glenoid loosening:  

• critical cement volume (CCV) [56]: it is the percentage of cement volume in which 
stresses are higher than 4 MPa; 

• micromotions-threshold percentage ratio (MTPR): it is the percentage ratio between 
the relative micromotions and the threshold equal to 75 μm. 
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4.1 All PE Implant 
 
In this section the results obtained from the FEA are shown in terms of cement stress, bone-
cement interfacial contact pressure, bone stress and strain for the reference and the eroded 
models taking into account the two loading conditions. 
 

 
In both loading conditions a global increase of von Mises stress in the cement mantle can be 
observed with the decreasing of bone support (Figure 22 and Figure 23). It is important to notice 
how the peak of von Mises stress remains constant, whereas the mean von Mises stress on each 
peg increases with the decreasing of bone support.  

In the eccentric condition the peak of von Mises stress (15 MPa) is located in the 
posterior region of the superior peg, while it is located in the superior region of the inferior pegs 
for the concentric condition (7 MPa). The value obtained for the concentric case is 
approximately the half of those for the eccentric case. 

  To compare models, the mean von Mises stresses on each peg were evaluated for the 
eroded models and normalized to the mean von Mises stresses on each peg of the reference 
configuration. The mean von Mises stresses for all models in the two loading conditions are 
shown in Table 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The bar diagrams below (Graph 1 and Graph 2) show an evident increase of stress in 
the inferior pegs for the eccentric condition and in the posterior peg near the bone erosion fot 
the concentric. In the eccentric condition the mean von Mises stress remains steady in the 
superior, central and anterior pegs until the 97% bone support, whereas starting from the 95% 
bone support an increase of stress occurs in the superior peg from 3% to 15%, in the central peg 
from 2% to 3% and in the anterior peg from 25% to 88%. The situation is different for the 
posterior peg because the mean stress rises from 23% to 122% starting from the 97% bone 

Table 9 - Mean von Mises stress on each peg in function of bone support. 

Eccentric load 

Bone support 100% 98% 97% 95% 90% 84% 

Mean von 
Mises stress 
(MPa) 

Superior peg 3.00 3.00 3.00 3.10 3.37 3.46 
Central Peg 1.54 1.54 1.54 1.57 1.57 1.59 
Posterior Peg 0.81 0.82 1.00 1.19 1.33 1.80 
Anterior Peg 0.24 0.24 0.24 0.3 0.31 0.45 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 

Mean von 
Mises stress 
(MPa) 

Superior peg 0.76 0.76 0.76 0.79 0.79 0.79 
Central Peg 2.28 2.28 2.29 2.29 2.29 2.30 
Posterior Peg 2.00 2.00 2.3 2.4 2.57 2.99 
Anterior Peg 1.37 1.37 1.39 1.4 1.4 1.45 



 Chapter 4: Results 
 

37 
 

support. In the concentric condition the mean von Mises stress grows from 13% to 47% from 
a bone support of 97% to 84% in the posterior peg. 

 
Graph 1 - Normalized cement stress in the eccentric condition. 

 

 
Graph 2 - Normalized cement stress in the concentric condition. 
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Reference Model 

  
 

Figure 22 - Cement stress in the two loading conditions (reference model). 
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Eccentric Condition Concentric Condition 
5° Eroded Model 

  

10° Eroded Model 

  
15° Eroded Model 

  
20° Eroded Model 

  
30° Eroded Model 

  
 

Figure 23 - Cement stress in the two loading conditions (eroded models). 
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There is an increase of contact pressure at the bone-cement interface with the increasing of bone 
erosion in both loading conditions (Figure 24 and Figure 25. The peak of contact pressure 
remains steady, while the mean pressure on each peg grows with the decreasing of bone support.  

In the eccentric condition the maximum contact pressure (14 MPa) is located in the 
posterior region of the superior peg and at the base of the posterior peg with the increasing of 
erosion angle. In the concentric condition the peak of contact pressure (7 MPa) is located at 
the base of posterior peg corresponding to the erosion. Therefore, such value in the eccentric 
case is double of that in the concentric case. 

  To compare models, the mean contact pressure on each peg were evaluated for the 
eroded models and normalized to the mean contact pressure on each peg in the reference 
configuration. The mean values for all models in the two loading conditions are shown in Table 
10.  

 

 

 

 

 

 

 

 

 

 

 
 

The normalized values (Graph 3 and Graph 4) illustrate a significant growth of 
interfacial pressure in the inferior pegs in the eccentric condition and in superior and anterior 
pegs in that concentric. 

In the eccentric condition the mean contact pressure remains steady in the superior, 
central and anterior pegs until a bone support of 97%, whereas starting from the 95% bone 
support an increase of pressure occurs in the superior peg from 4% to 5%, in the central peg 
from 5% to 6% and in the anterior peg from 29% to 43%. The situation is different for the 
posterior peg because the mean pressure rises from 13% to 45% starting from the 97% bone 
support.  

In the concentric condition the mean interfacial contact pressure is approximatively 
constant in the posterior peg until the 90% bone support, but it considerably increases till 84% 
for the 84% of bone support. In the anterior peg the interfacial pressure rises from 17% to 27% 
starting from the 97% of bone support. 

Table 10 - Mean interfacial contact pressure on each peg in function of bone support. 

Eccentric load 

Bone support 100% 98% 97% 95% 90% 84% 

Mean contact 
pressure 
(MPa) 

Superior peg 0.80 0.80 0.81 0.83 0.84 0.84 
Central Peg 0.66 0.66 0.67 0.69 0.7 0.7 
Posterior Peg 0.4 0.4 0.45 0.47 0.49 0.58 
Anterior Peg 0.07 0.07 0.07 0.09 0.09 0.1 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 

Mean contact 
pressure 
(MPa) 

Superior peg 0.18 0.18 0.18 0.19 0.20 0.20 
Central Peg 0.47 0.47 0.47 0.47 0.50 0.50 
Posterior Peg 0.49 0.49 0.49 0.50 0.50 0.80 
Anterior Peg 0.30 0.30 0.35 0.36 0.37 0.38 
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Graph 3 - Bone-cement interfacial contact pressure in the eccentric condition. 
 

 
 

Graph 4 - Bone-cement interfacial contact pressure in the concentric condition. 
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Figure 24 - Bone-Cement interfacial contact pressure in the two loading conditions (reference models). 
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Eccentric Condition Concentric Condition 
5° Eroded Model 

  
10° Eroded Model 

                                 

15° Eroded Model 

                                 
20° Eroded Model 

                                 
30° Eroded Model 

                                 
Figure 25 - Bone-Cement interfacial contact pressure in the two loading conditions (eroded models). 
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The bone stress was analysed in the glenoid cavity defined in section 3.8. There is a slight 
increase of stress with the decreasing of bone erosion in both loading conditions (Figure 26 and 
Figure 27).  

The peak of von Mises stress (15 MPa) can be observed in the supero-posterior region 
of the glenoid cavity and in the posterior region of the scapula for the eccentric condition, while 
it is located in the central region of the glenoid cavity and in the posterior region of the scapula 
for the concentric condition (6.5 MPa). 

The peak of von Mises stress does not change between the models, to compare them the 
mean von Mises stress in the glenoid cavity was calculated for the eroded models and 
normalized to the mean von Mises stresses of the reference configuration. The mean von Mises 
stresses for all models in the two loading conditions are shown in Table 11. 
 
 
 
 
 
 
 
 
 

The bar diagrams below (Graph 5) illustrate that in the eccentric condition the mean 
von Mises stress in the bone rises till 8% with the 84% bone support, while in the concentric 
condition a lesser increase of mean stress occurs, it rises until 2% with the 84% bone support. 

 

 
Graph 5 - Bone stress with all PE implant in the eccentric (left) and concentric (right) conditions. 

Table 11 - Mean bone stress in function of bone support with all PE implant. 

Eccentric load 
Bone support 100% 98% 97% 95% 90% 84% 

Mean bone stress (MPa) 1.94 1.94 1.96 1.97 2.00 2.10 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Mean bone stress (MPa) 1.10 1.10 1.10 1.10 1.11 1.12 
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Taking into account the failure criteria defined in section 0, the percentages of failed 
bone in the glenoid cavity were calculated (Table 12). It appears to be greater for the eccentric 
than concentric condition. In the eccentric case the failed bone volume ranges from 17.3 to 
18.6%, whereas in the concentric case it ranges from 1.4 to 3.0% with the decreasing of bone 
support. 
 
 

 
 
 
 
 
 
 
 

 
Eccentric Condition Concentric Condition 

Reference Model 

  
5° Eroded Model 

                                  
10° Eroded Model 

                                  
Figure 26 - Bone stress in the two loading conditions with cemented implant (reference, 5°, 10° eroded models). 

Table 12 - Failed bone volume in function of bone support with all PE implant. 

Eccentric load 
Bone support 100% 98% 97% 95% 90% 84% 

Failed Bone Volume 17.3% 17.3% 17.6% 17.9% 18.1% 18.6% 

Concentric load 
Bone support 100% 98% 97% 95% 90% 84% 

Failed Bone Volume 1.4% 1.4% 1.7% 1.8% 2.5% 3.0% 
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Eccentric Condition Concentric Condition 
15° Eroded Model 

  
20° Eroded Model 

                                  
30° Eroded Model 

                                  
Figure 27 - Bone stress in the two loading conditions with cemented implant (15°, 20°, 30° eroded models). 

 
 
 

 
 
Bone strain slightly grows with the increasing of bone erosion in both loading conditions 
(Figure 28 and Figure 29. The maximum strain (7000 µstrain) is located in the supero-posterior 
region of the glenoid cavity for the eccentric condition, whereas it can be observed in the 
central region of the glenoid cavity and in the posterior region of the scapula for the concentric 
condition (1900 µstrain). 

The maximum strain does not change between the models, to compare them the mean 
strain in the glenoid cavity was calculated for the eroded models and normalized to the mean 
strain of the reference configuration. The values for all models in the two loading conditions 
are shown in Table 13. 
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The normalized values (Graph 6) show that the mean strain in the glenoid region rises 

till 3% with the 84% bone support in both loading conditions. 

 
Graph 6 - Bone strain with all PE implant in the eccentric (left) and concentric (right) conditions. 
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Figure 28 - Bone strain in the two loading conditions with cemented implant (reference model). 

 
 
 

Table 13 - Mean bone strain in function of bone support with all PE implant. 

Eccentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Mean bone strain (µstrain) 730 730 731 732 740 751 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Mean bone strain (µstrain) 350 350 350 350 352 360 
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Eccentric Condition Concentric Condition 
5° Eroded Model 

  
   10° Eroded Model 

                
   15° Eroded Model 

  
   20° Eroded Model 

 

  
   30° Eroded Model 

  
Figure 29 - Bone strain in the two loading conditions with cemented implant (eroded models). 
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4.2 Cementless implant 
 
 

In this section the results obtained from the FEA are analysed in terms of micromotions at the 
bone-implant interface, medial displacements, bone stress and strain for the reference and the 
eroded models taking into account the two loading conditions. 
 

 
 
In both loading conditions relative micromotions at the bone-implant interface were obtained 
considering the difference between the mean displacements in tangent direction of four points 
in the centre of glenoid cavity and four points in the centre on the implant’s baseplate. An 

increase of relative micromotions can be noted with the decreasing of bone support for both 
loading conditions (Figure 30, Figure 31, Figure 32 and Figure 33). 

To compare models, the obtained values for eroded models were normalized to the 
relative micromotion of the reference configuration. The relative micromotions for all models 
in the two loading conditions are shown in Table 14. 

 

 

 

 

 

 

 
 

The normalized values (Graph 7) show that the relative micromotions do not change till 
the 98% bone support for both loading conditions. In the eccentric condition relative 
micromotions increase till 58% with the 84% bone support, whereas in the concentric condition 
they rise until 28% with the 84% bone support. 

  
Graph 7 - Normalized relative micromotions in the eccentric (left) and concentric (right) conditions. 

   Table 14 - Relative micromotions in function of bone support. 

Eccentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Relative micromotions (µm) 1.20 1.20 1.30 1.50 1.60 1.90 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Relative micromotions (µm) 1.17 1.17 1.20 1.31 1.43 1.50 
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Eccentric Condition Concentric Condition 
Reference Model 

  
5° Eroded Model 

                               
10° Eroded Model 

                            
15° Eroded Model 

                      
20° Eroded Model 

                      
Figure 30 - Tangent-to-glenoid plane micromotions in the implant backside (reference, 5°, 10°, 15°, 20° eroded 

models). 
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Eccentric Condition Concentric Condition 
30° Eroded Model 

  
Figure 31 - Tangent-to-glenoid plane micromotions in the implant backside (30° eroded models). 
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Figure 32 - Tangent-to-glenoid plane micromotions in the glenoid region (reference, 5°, 10° eroded models). 
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Eccentric Condition Concentric Condition 

15° Eroded Model 

  
20° Eroded Model 

                              
30° Eroded Model 

                             
Figure 33 - Tangent-to-glenoid plane micromotions in the glenoid region (15°, 20°, 30° eroded models). 

 
 

 
 
 

 
 
In both loading conditions implant medial displacement was obtained considering the mean 
displacement of four points at the bottom of the keel. An increase of medial displacements can 
be noted with the decreasing of bone support for both loading conditions (Figure 34 and Figure 
35). 

To compare models, the obtained values for eroded models were normalized to the mean 
displacement of the reference configuration. The medial displacements for all models in the 
two loading conditions are shown in Table 15. 
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The normalized values (Graph 8) show the same increase for both loading conditions. 
In fact, the values in Table 15 are similar. The medial displacements rise till 8% with the 84% 
bone support in the eccentric and concentric conditions. 

 

 
Graph 8 - Normalized medial displacement in the eccentric (left) and concentric (right) conditions. 

 
 

Eccentric Condition Concentric Condition 
Reference Model 

  
Figure 34 - Medial displacement of the cementless implant (reference model). 

 

Table 15 - Medial displacement of the cementless implant in function of bone support. 

Eccentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Medial displacement (µm) 135 135 136 137 137.5 146 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Medial displacement (µm) 135 135 135.5 136 137.6 146 
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Eccentric Condition Concentric Condition 
5° Eroded Model 

  
10° Eroded Model 

      
15° Eroded Model 

  
20° Eroded Model 

  
30° Eroded Model 

                           
Figure 35 - Medial displacement of the cementless implant (eroded models). 
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The bone stress was analysed in the glenoid cavity defined in section 3.8. It is important to 
notice with the second type of implant that the peak of von Mises remains steady till the 90% 
bone support, while it increases with the 84% bone support. Furthermore, the mean von Mises 
stress in the bone slightly rises with the decreasing of bone erosion in both loading conditions 
(Figure 36 and Figure 37). 

In the eccentric condition the peak of von Mises stress can be observed in the posterior 
region of the scapula for all model, in the glenoid cavity it is located only in the supero-posterior 
region till the 97% bone support, with the decreasing of support it extends to all posterior region 
of the glenoid cavity. In the concentric condition the peak of von Mises stress can be seen in 
the posterior region of the scapula for all model, in the glenoid cavity it is located only in the 
central region till the 97% bone support, with the decreasing of support it extends to infero-
posterior region of the glenoid cavity. 

To compare models the mean von Mises stress in the glenoid cavity was calculated for 
the eroded models and normalized to the mean von Mises stresses of the reference 
configuration. The peak and the mean von Mises stresses for all models in the two loading 
conditions are shown in Table 16. 

 
 
 
 
 
 
 
 
 
 
 
 

The bar diagrams below (Graph 9) illustrate that in the eccentric condition the mean 
von Mises stress in the bone grows already starting from the 98% bone support, whereas in the 
concentric condition it increases from the 97% bone support. In the eccentric condition the 
mean von Mises stress rises till 10% with the 84% bone support, while in the concentric 
condition a lesser increase of mean stress occurs, it rises until 7% with the 84% bone support. 

 
  

Table 16 - Peak and mean bone stress in function of bone support with cementless implant. 

Eccentric load 
Bone support 100% 98% 97% 95% 90% 84% 

Peak bone stress (MPa) 8 8 8 8 8 10 
Mean bone stress (MPa) 1.68 1.71 1.72 1.74 1.76 1.84 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Peak bone stress (MPa) 6 6 6 6 6 8.5 
Mean bone stress (MPa) 1.15 1.15 1.16 1.18 1.19 1.23 
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Graph 9 - Normalized bone stress with T.E.S.S. in the eccentric (left) and concentric (right) conditions 

 
As for the cemented implant, the percentages of failed bone in the glenoid cavity were 

evaluated (Table 17). Failed bone volume is higher for the eccentric than concentric condition. 
In the eccentric case the failed bone volume ranges from 13.5 to 16.7%, whereas in the 
concentric case it ranges from 1.5 to 4.5% with the decreasing of bone support. 

 
 
 
 
 
 
 
 
 
 
 
 

Eccentric Condition Concentric Condition 
Reference Model 

  

Figure 36 - Bone stress in the two loading conditions with cementless implant (reference model). 
 
 

Table 17 - Failed bone volume in function of bone support with T.E.S.S. 

Eccentric load 
Bone support 100% 98% 97% 95% 90% 84% 

Failed Bone Volume 13.5% 13.7% 14.1% 15.7% 15.5% 16.7% 

Concentric load 
Bone support 100% 98% 97% 95% 90% 84% 

Failed Bone Volume 1.5% 1.5% 1.7% 2.3% 2.8% 4.5% 
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Eccentric Condition Concentric Condition 
5° Eroded Model 

  
10° Eroded Model 

                                
15° Eroded Model 

                                
20° Eroded Model 

                                
30° Eroded Model 

                                
Figure 37 - Bone stress in the two loading conditions with cementless implant (eroded models). 
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Bone strain slightly increases with the decreasing of bone support in both loading conditions. 
The maximum strain with the second type of implant remains steady till the 90% bone support, 
while it rises with the 84% bone support. Furthermore, the mean bone strain slightly increases 
with the decreasing of bone erosion in both loading conditions (Figure 38 and Figure 39). 

In the eccentric condition the maximum strain can be observed in the posterior region 
of the scapula for all model, in the glenoid cavity it is located only in the central-posterior region 
till the 97% bone support, with the decreasing of support it extends to all posterior region of the 
glenoid cavity. In the concentric condition the maximum strain is located in the posterior region 
of the scapula for all model, in the glenoid cavity it is located only in the central region till the 
97% bone support, with the decreasing of support it extends to infero-posterior region of the 
glenoid cavity. 

To compare models the mean strain in the glenoid cavity was calculated for the eroded 
models and normalized to the mean von Mises stresses of the reference configuration. The 
maximum and the mean bone strain for all models in the two loading conditions are shown in 
Table 18. 

 

 

The normalized values (Graph 10) show that in the eccentric condition the mean bone 
strain grows till 8% with the 84% bone support, whereas in the concentric condition it rises 
until 12% with the 84% bone support. 

  

Table 18 - Peak and mean bone strain in function of bone support with cementless implant. 

Eccentric load 
Bone support 100% 98% 97% 95% 90% 84% 

Max bone strain (µstrain) 2500 2500 2500 2500 2500 4000 
Mean bone strain (µstrain) 582 582 584 596 600 626 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 
Max bone strain (µstrain) 1400 1400 1400 1400 1400 2000 
Mean bone strain (µstrain) 480 480 488 490 510 540 
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Graph 10 - Normalized bone strain with T.E.S.S. in the eccentric (left) and concentric (right) conditions. 

 
 
 

Eccentric Condition Concentric Condition 
Reference Model 

  
5° Eroded Model 

 

 

Figure 38 - Bone strain in the two loading conditions with cementless implant (reference, 5° eroded models). 
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 Eccentric Condition Concentric Condition 
10° Eroded Model 

  
15° Eroded Model 

 
                       

20° Eroded Model 

          
30° Eroded Model 

   
Figure 39 - Bone strain in the two loading conditions with cementless implant (10°, 15°, 20°, 30° eroded 

models). 
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4.3 All PE implant vs T.E.S.S. 
 

 
In this section the results obtained for the all PE implant and the cementless component are 
compared in terms of bone stress, strain and glenoid loosening taking into account the two 
loading conditions. 
 
 

 
 
In the eccentric condition glenoid mean strain and stress are higher for models with the all PE 
implant than those obtained with the cementless component. In the concentric condition an 
opposite situation occurs: the results with the cementless implant are higher than those with the 
all PE component.  

  

Graph 11 - Comparison of bone stress in all PE implant and T.E.S.S. in the two loading conditions. 
 

  
Graph 12 - Comparison of bone strain in all PE implant and T.E.S.S. in the two loading conditions. 

 

In the eccentric condition mean stress slightly increases with the decreasing of bone 
support for both implants, in models with T.E.S.S. glenoid mean stress is always below 2 MPa. 
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In the concentric condition mean stress remains constant till the 95% bone support for models 
with cemented implant, while it rises starting from the 97% bone support for models with 
cementless component. There is a slight growth of bone mean strain for both components in the 
eccentric conditions. Bone strain remains constant till the 90% bone support for cemented 
implant, whereas it rises starting from the 97% bone support for cementless component in the 
concentric condition. 

Comparing the percentages of failed bone (Graph 13), it can be noted that volume of 
failed bone is higher in models with all PE implant for the eccentric case, while it is higher in 
models with cementless component for the concentric case.  

 

  
Graph 13 - Comparison of failed bone in all PE implant and T.E.S.S. in the two loading conditions. 

 
 

 
 
The two types of implants were compared in terms of loosening defining two parameters. The 
critical cement volume (CCV) and the micromotions-threshold percentage ratio (MTPR) were 
calculated in order to quantify the glenoid loosening of two components. The obtained values 
are shown in Table 19. 
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Table 19 - CCV and MTPR in function of bone support. 

Eccentric load 
Bone support 100% 98% 97% 95% 90% 84% 

CCV 34.40% 34.40% 34.90% 35.10% 39.00% 44.00% 
MTPR 1.60% 1.60% 1.70% 2.00% 2.10% 2.50% 

Concentric load 

Bone support 100% 98% 97% 95% 90% 84% 
CCV 4.10% 4.10% 4.20% 4.30% 4.50% 5.00% 

MTPR 1.56% 1.56% 1.60% 1.75% 1.91% 2.00% 
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Graph 14 - Normalized CCV and MTPR in the eccentric condition. 

 
 

 
 

Graph 15 - Normalized CCV and MTPR in concentric condition. 
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The CCV is higher for the eccentric than concentric condition, in the first case it ranges 
from 34.40 to 44.00%, whereas in the second one it increases from 4.10 to 5.00% with the 
decreasing of bone support. The MTPR is characterized by similar values for both conditions, 
the obtained values are extremely low (under 3%) because the relative micromotions are far 
below the threshold of 75 µm. The results were normalized to the values of the reference models 
in order to compare the two glenoid components (Graph 14 and Graph 15).  

It is evident that the cemented component is less affected by the decreasing of bone support 
because the loosening increases till 28% and 22% respectively in the eccentric and concentric 
conditions with the 84% bone support. In models with cementless implant the glenoid loosening 
rapidly increases until 56% and 28% respectively in the eccentric and concentric conditions 
with the 84% bone support. 
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Chapter 5 
Discussion 

 
Loosening of glenoid component represents the main problem to face in aTSA [59] since it 
jeopardies stability and survival of the implant. Posterior glenoid erosion is commonly found 
in some patients affected by osteoarthritis. That type of disorder can lead to an increase of 
complications and component loosening, affecting negatively on clinical outcomes after an 
aTSA [14] [15]. Therefore, predicting the possible consequences of implanting an anatomic 
component with incomplete bone support is crucial for long term stability of implant. 

Some studies demonstrated that with the decreasing of bone support an increase of bone-
cement stresses and interface micromotions occurs [56] [101]. However, not all of these studies 
used finite element models and no one compared the results of different implants and fixations. 
The purpose of the present study was to investigate the effects of decreasing bone support on 
the glenoid component stability when two kinds of anatomical shoulder prostheses are 
implanted in order to provide guidelines for aTSA planning. Several parameters were analysed 
through FEA considering two loading conditions: cement layer stress, bone-cement interfacial 
contact pressure, bone stress and strain and interface micromotions.  

As previously observed in section 0, a global increase of considered parameters compared 
to the reference model can be noted with the decreasing of bone support for both loading 
conditions. Moreover, the values obtained for the eccentric condition are always higher than 
those for the concentric case for both implants. 

 
 
 
5.1 All PE implant 
 
For the all PE implant the results of the reference model are consistent with some previous 
studies [34] [56]. Wahab et al. [34] obtained peaks of von Mises stress in the cement layer equal 
to 18 and 7 MPa for the eccentric and concentric loads, in the present study peaks of von Mises 
stress are 15 and 7 MPa respectively for the eccentric and concentric conditions. Maximum von 
Mises stress is located in the posterior region of the superior peg for the eccentric case, whereas 
it is located in the superior region of the inferior pegs for the concentric condition. These 
repetitive stresses could generate the rocking horse phenomenon, compromising component 
stability. With the decreasing of bone support it was noticed that the peak of von Mises stress 
remains constant, while the mean von Mises stress on each peg increases. In the eccentric 
condition the higher increase occurs in the inferior pegs: in the posterior peg mean stress 
increases till 122%, while in the anterior peg it rises until 88% with the 84% bone support. In 
the concentric condition mean stress increases mainly in the posterior peg: 47% with the 84% 
of bone support. 
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Cement is a material weak in tension (25 MPa) [102], but stronger in compression (100 
MPa) [31]. Results show that the stresses in the cement layer are below cement failure strength 
(tensile), but they can provoke crack initiation in the cement mantle because they are higher 
than the chosen threshold of 4 MPa. 

Terrier et al. [31] found peak values of contact pressure at the bone-cement interface 
equal to 15 and 6 MPa for the eccentric and concentric loading conditions, in the present study 
peak values of contact pressure are 14 and 7 MPa respectively with the eccentric and concentric 
loads. Maximum contact pressure is found in the posterior region of the superior peg and at the 
base of the posterior peg for the eccentric case, whereas it is found at the base of posterior peg 
for the concentric condition. With the increasing of bone erosion, the maximum contact 
pressure remains steady, while the mean contact pressure at the interface rises. The higher 
increase occurs in the inferior pegs in both loading conditions. The mean pressure increases till 
45% and 43% respectively in the posterior and anterior pegs with the eccentric load, whereas it 
rises until 63% and 27% respectively in the posterior and anterior pegs with the concentric load. 

Peaks of von Mises stress in bone cannot be directly compared with literature because 
in this work a homogenous scapula was considered. Chevalier et al. [75] obtained for the 
cortical bone peaks of 6 and 4 MPa respectively in the eccentric and concentric conditions, 
whereas they obtained for the trabecular bone peaks of 15 and 8 MPa. In this study a single 
peak of von Mises stress was achieved: 15 and 6.5 MPa respectively for the eccentric and 
concentric conditions. These values do not change with the decreasing of bone support and 
exceed the chosen failure criterion, in particular the percentage of failure bone in the glenoid 
cavity appears to be greater for the eccentric than concentric condition. In the eccentric case the 
failed bone volume ranges from 17.3 to 18.6%, whereas in the concentric case it ranges from 
1.4 to 3.0% with the decreasing of bone support. 

Maximum strains do not change with the decreasing of bone support: they are 7000 and 
1900 µstrain respectively for the eccentric and concentric conditions. Their location depends 
on the applied load. With the increasing of bone erosion, the mean bone strain slightly increases 
in both loading conditions (till 3% with the 84% bone support). 
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5.2 Cementless implant 
 
For the cementless implant the results of the reference model cannot be directly compared with 
literature because only few FEA were conducted on metal-backed glenoid components.   

Relative micromotions and medial displacements are not consistent with other studies 
because the used method is different from others. In fact, the aim of this work is not to focus 
on the absolute values of the parameters, but to analyse how they change with the decreasing 
of bone support. For instance, Suarez et al. [103] assessed the tangent- and normal-to interface 
micromotions for different degrees of GH-joint conformity. They considered a cementless 
implant with a central screw and two loads in order to simulate the rocking-horse phenomenon, 
obtaining micromotions of 50 µm or more. In another study [104] micromotions at bone-
implant interface were estimated for different configurations of screws using a compressive and 
a cyclic “subluxation” force. Results showed micromotions of 5 µm or more. 

In the present work relative micromotions at the bone-implant interface were obtained 
considering the difference between the mean displacements in the tangent direction of four 
points in the centre of glenoid cavity and four points in the centre on the implant’s baseplate. 
In addition, no screws were taken into account and only a compressive force was considered. 
Relative micromotions ranges from 1.20 to 1.90 µm for the eccentric case, whereas they are 
between 1.17 and 1.50 µm for the concentric case. In both loading conditions they are far below 
the threshold of 75 µm. With the decreasing of bone support, in the eccentric condition the 
relative micromotions increase till 58% with the 84% bone support, whereas in the concentric 
condition they rise until 28% with the 84% bone support. 

Medial displacements were obtained likewise, considering the mean displacement in 
normal direction of four points at the bottom of the keel. They range from 135 to 146 µm, rising 
till 8% with the 84% bone support in both loading conditions. 

Peaks of von Mises stress in glenoid region change with the decreasing of bone support. 
In the eccentric condition the maximum von Mises stress is 8 MPa till the 90% bone support, 
whereas it increases (10 MPa) with the 84% bone support. In the concentric condition the peak 
von Mises stress is 6 MPa until the 90% bone support, whereas it rises (8.5 MPa) with the 84% 
bone support. Maximum stresses overcome the failure criterion: the percentages of failure bone 
in the glenoid region is lower in the concentric than eccentric condition. Failed bone volume 
ranges from 1.5 to 4.5% and from 13.5 to 16.7% respectively in the concentric and eccentric 
conditions. 

A similar situation exists for bone strain. In the eccentric condition maximum strain is 
2500 µstrain till the 90% bone support, whereas it increases (4000 µstrain) with the 84% bone 
support. In the concentric condition maximum strain is 1400 µstrain until the 90% bone support, 
whereas it increases (2000 MPa) with the 84% bone support. These values are lower than strain 
calculated by Suarez et al. [104] (4300 ÷ -4600 µstrain) and Bayraktar et al. [105] (6200 ÷ -
10400 µstrain). In such studies the presence of screws, cortical and trabecular bones were taken 
into account. In the present study it was notice that with the decreasing of bone support, in the 
eccentric case the mean bone strain increase till 8%, whereas in the concentric condition it 
grows until 12% with the 84% bone support.  
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5.3 All PE implant vs T.E.S.S. 
 
In literature few studies were carried out in order to compare the two fixation techniques. Finite 
Element Analyses [51] [52] demonstrated that cemented all PE implants provided a more 
physiologic stress distribution, whereas metal-backed cementless implant allowed to achieve 
lower stresses in the glenoid cavity under the implant. In the present work a similar situation 
was found. In the eccentric condition the mean bone stress and strain are lower in models with 
cementless component than those with cemented implant. The mean bone stress is always below 
2 MPa with T.E.S.S., while it ranges from 1.94 to 2.10 MPa in models with all PE implant. 
Similarly for the mean bone strain: it is always below 650 µstrain with T.E.S.S., while it ranges 
from 730 to 751 µstrain in models with all PE implant. This shows that all PE component 
transfers stress more effectively to the underlying bone, whereas T.E.S.S. provides a greater 
stress shielding in the bone, which could affect long term results. 

In the concentric case a different situation occurs because the values with the cementless 
implant are higher than those with the all PE component.  The mean bone stress is always below 
1.15 MPa with all PE component, while it is between 1.15 and 1.23 MPa in models with 
cementless component. The mean bone strain is always below 400 µstrain with cemented 
prosthesis, while it ranges from 450 to 540 µstrain in models with metal-backed implant. In 
such loading configuration, the results might be due to the presence of four cement pegs, which 
shield stress by preventing an appropriate interaction between the PE implant and the bone. 

Comparing the percentages of failed bone, it can be noted that volume of failed bone is 
higher in models with all PE implant for the eccentric case, while it is higher in models with 
cementless component for the concentric case. In addition, volume of failed bone always 
increases more quickly in models with T.E.S.S. than models with all PE implant with the 
decreasing of bone support. 

In terms of glenoid loosening, the two implants were compared through two failure 
criteria: CCV and MTPR. CCV is higher for the eccentric than concentric configuration, in the 
first case it ranges from 34.40 to 44.00%, whereas in the second one it rises from 4.10 to 5.00% 
with the decreasing of bone support. MTPR takes values extremely low (under 3%) because the 
relative micromotions are far below the threshold of 75 µm in both loading conditions. The two 
parameters (CCV and MTPR) cannot be directly compared because they represent different 
quantity. Therefore, it was thought to compare the normalized values to the reference model. 
In this way it can be noted that the all PE cemented component is less affected by the decreasing 
of bone support because the loosening increases till 28% and 22% respectively in the eccentric 
and concentric condition with the 84% bone support. In models with cementless implant the 
glenoid loosening rapidly increases until 56% and 28% respectively in the eccentric and 
concentric conditions with the 84% bone support. 
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5.4 Limitations  
 
In this section unavoidable limits of the present Finite Element Analysis are reported in order 
to allow a better understanding and to avoid that the results are not overestimate. 

I. Bone quality was not considered. 

To develop this project, it was not considered an osteoarthritic scapula, but only an 
healthy scapula, whose morphology was based on 66 CT scan data in order to mimic 
the mean scapular morphology of the population. Therefore, it was chosen to generate 
bone defects in line with a literature-based description of the most frequent and relevant 
type of erosion in case of osteoarthritis. 

II. No distinction between cortical and cancellous bones. 

Since an orphan mesh of the scapula was provided, differentiating the cancellous from 
the cortical bone was difficult. For this reason, mean values of the mechanical properties 
of the scapula were considered. Therefore, simulations were done considering bone as 
a homogenous material. 

III. Debonding interface between all PE implant and cement. 

Although micromotions at the interface were not evaluated for the all PE implant, PE-
cement interface was considered debonded. Such choice was done because initially a 
perfectly bonded interface was set, in spite of that the obtained results did not show 
differences between some eroded models. This could be associated to a too stiff model. 

IV. Specific all PE design. 

In the present work a specific cemented all PE design was considered, namely pegged 
implant.  
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Chapter 6 
Conclusions and Future Developments 
 
Anatomic total shoulder arthroplasty (aTSA) has markedly developed in the decades thanks to 
its efficacy in relieving pain and restoring function of the arthritic shoulders [106] [107]. The 
main reason of its failure is glenoid component loosening, chiefly in shoulders with 
preoperative erosion [15]. Eroded shoulders are difficult to deal with and correct because the 
glenoid components need sufficient bone support for the implantation so as to promote osseous 
integration or cement layer long-term survival. The adequate bone support to limit glenoid 
loosening has not yet been defined [56]. Thus, the objective of the present work was to obtain 
guidelines in terms of bone support for aTSA planning. 

For the first time a FEA was carried out to investigate the effects of bone support 
decrease on glenoid component loosening. The clinical relevance of this study is clear: bone 
support is a key factor in glenoid component stability. All considered parameters (cement layer 
stress, bone-cement interfacial contact pressure, bone stress and strain, interface micromotions) 
show an upward trend compared to the reference model with the decreasing of bone support for 
both loading conditions. Even though, the values obtained for the eccentric condition are always 
higher than those for the concentric case for both implants. 

For the all PE implant a decrease of the backside support until 95% had no relevant 
effect on cement stress, however the high degree of CCV for the reference model should raise 
concern.  In case of a cementless component the interfacial micromotions increased starting 
from the 97% bone support. Consequently, all of which leads to the conclusion that an anatomic 
glenoid component should always be implanted with full backside support. In case this is not 
possible without jeopardising other outcome related factors like glenoid orientation, other 
options should be investigated. Future studies that include bone quality parameters and different 
implant designs (augmented components) and an experimental validation will provide 
improved insights for glenoid component placement in eroded glenoids. 
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