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Abstract 

The shoulder resurfacing arthroplasty has been gaining popularity as an alternative to conventional 

shoulder arthroplasty surgery due to its several advantages, such as, high bone stock preservation and 

ease of revision.  

Nonetheless, the implantation of a prosthesis affects the natural loading distribution in the bone 

which is likely to cause and adverse bone remodeling. The main goal of this work is to understand the 

influence of the characteristics of the prosthesis on the stress and strain distribution patterns in the 

humerus after a shoulder resurfacing arthroplasty.  

In order to do so, five prostheses were modeled: a standard model, currently in use, two models 

with a larger and a thinner stem, and two models with a longer and a smaller stem. The implantation of 

all these models was virtually simulated for five subjects. Finite element models were developed to 

analyze the loading distribution in the bone considering muscle and joint reaction forces for an abducted 

and flexed position of the upper limb. The different models were evaluated regarding the Von Mises 

stress and the strain energy density values. 

The results obtained are consistent with the literature, i.e., stress shielding occurs when a 

resurfacing arthroplasty is performed. The results indicate that a prosthesis with a thinner stem 

minimizes the differences in stress and strain patterns between the intact bone and the implanted bone. 

However, this study focused only on stress shielding and other key factors, such as the mechanical 

stability, must also be addressed in future studies. 
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Resumo 

A artroplastia parcial do ombro tem vindo a ganhar popularidade como uma alternativa à cirurgia 

de artroplastia do ombro convencional devido às suas várias vantagens, tais como, elevada 

preservação de osso e facilidade de cirurgia de revisão.  

Contudo, a inserção de uma prótese afeta a natural distribuição de tensões no osso sendo provável 

que ocorra remodelação óssea adversa. O principal objetivo deste trabalho é compreender a influência 

das características da prótese nos padrões de distribuição de tensões e deformações no úmero após 

uma artroplastia parcial do ombro. 

Para compreender esse facto, foram modeladas cinco próteses: um modelo standard, atualmente 

em utilização, dois modelos com a haste mais larga e mais fina, e dois modelos com a haste mais longa 

e mais curta. 

A inserção desses modelos foi simulada em cinco indivíduos. Foram desenvolvidos modelos de 

elementos finitos para analisar a distribuição de cargas no osso considerando as forças musculares e 

reações articulares para uma posição de abdução e flexão do membro superior. Os diferentes modelos 

foram analisados relativamente às tensões de Von Mises e à energia de deformação. 

Os resultados obtidos foram consistentes com a literatura, i.e, ocorre fenómeno de blindagem de 

tensões e deformações, aquando de uma cirurgia de artroplastia parcial do ombro. Os resultados 

indicaram que a prótese com a haste mais fina minimiza a diferença entre os padrões de distribuição 

de tensões e deformações do osso intacto e do osso implantado. 

Contudo, este estudo foca-se unicamente na blindagem de tensões e outros fatores relevantes, 

tais como a estabilidade mecânica, deverão ser abordados em estudos futuros. 
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Chapter 1 

1. Introduction 

1.1 Motivation and Goals 

The shoulder arthroplasty which consists in the substitution of the shoulder joint by an implant is an 

efficient treatment indicated for several shoulder pathologies. In spite of its favorable outcomes, it is 

associated with complications that may compromise the results, such as loosening and periprosthetic 

fracture (Wirth and Rockwood Jr. 2017).  

Nowadays, the most commonly performed procedures for shoulder replacement are the anatomic 

shoulder arthroplasty (TSA) and the reverse total shoulder arthroplasty (RTSA). The TSA tries to 

reconstruct closely the native anatomy of the shoulder. For patients with a rotator cuff pathology, RTSA 

is recommended as it provides the stability needed by fixing the joint center of rotation on the scapula. 

The shoulder arthroplasty has become an option not only for an elderly population but also for 

younger and more active patients (Widnall et al. 2013). New implant designs and materials are being 

studied to achieve better implant performance and outcomes, resulting in a reduced need for revision 

surgery.  

Over the past years, the shoulder resurfacing arthroplasty (SRA) has gained popularity as an 

alternative to conventional shoulder arthroplasty (Burgess et al. 2009). The SRA presents several 

advantages being the high bone stock preservation the most relevant, especially in younger patients 

who may need further arthroplasty procedures (Rai et al. 2016; Schmidutz et al. 2014; Widnall et al. 

2013). 

Several studies on the short and long term results have shown optimistic functional results for the 

SRA, but it is also acknowledged that the type of implant used affects the natural stress distribution in 

the bone and leads to an undesirable stress shielding effect (Schmidutz et al. 2014). 

Considering that variations of stem length and diameter in hip resurfacing prostheses led to different 

stress shielding patterns (Rothstock et al. 2011), the main goal of this work is to evaluate the difference 

of these characteristics in loading distribution of the humerus after an SRA using three-dimensional finite 

element models. Five resurfacing prosthesis models with different stem diameter and length are 

analyzed for five subjects.    

1.2 Thesis Outline 

The current work is divided into six chapters. The first chapter, in which this section is included, 

constitutes an introdutory chapter that describes the motivation and main goals of this work.  

In Chapter 2, the shoulder complex anatomy is described, i.e., its bones, muscles, and soft tissues. 

This chapter also includes a summary of the historical background of the shoulder arthroplasty that has 

led to nowadays techniques. This chapter ends with an insigth on the background of biomechanical 

modeling.  
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Chapter 3 describes in detail the computational work and methodology  followed in this research. It 

describes the finite element models developed, including the generation of the humerus geometries and 

their physiological properties, and the boundary conditions. This chapter also addresses how the results 

are evaluated. 

Chapter 4 presents the results of the finite element analyes performed. It is subdivided into three 

sections. The first one compares qualitatively the results for the intact bone with the implanted bone. 

The second subsection compares the same results but quantitatively. The final subsection compares 

the standard prosthesis model with the models created in this work.    

The results obtained are discussed in chapter 5. The strengths and limitations of this study are also 

addressed. 

Finally, in Chapter 6, the main conclusions of this work are presented along with some sugestions 

for future developments in this field.  
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Chapter 2 

2. Background Concepts  

In biomechanics, the comprehension of human anatomy concepts is crucial to understand the 

mechanics of the human body. The human shoulder is a complex structure composed of several bones 

and joints. In this chapter, key anatomical concepts of the shoulder joint are provided. The structures 

closer to the upper extremity of the shoulder such as bones, muscles, and soft tissues, are the main 

focus of this chapter. The most commonly used procedures of shoulder joint replacement, including the 

SRA are also described here. 

2.1 Shoulder Anatomy 

This section is divided into four subsections each dedicated to a different structure of the shoulder 

complex: (1) the osteology, (2) the shoulder joints, (3) the passive mechanisms acting on the joint, (4) 

the muscles or dynamic stabilizers.  

2.1.1 Osteology 

The human shoulder, illustrated in Figure 2-1, is a complex dynamic relationship of many muscle 

forces, ligament constraints, and articulations that act as static, or as dynamic stabilizers (Terry and 

Chopp 2000).  

The shoulder complex includes five bone structures. Besides the bones of the shoulder girdle, the 

clavicle and scapula, it also includes the humerus, sternum, and rib cage (Hendrickson 2009).  

 

Figure 2-1 – Bone of the shoulder complex (Terry and Chopp 2000). 

2.1.1.1  Clavicle 

The clavicle, also known as collarbone, is an S-shaped bone, anteriorly convex in the medial two-

thirds and anteriorly concave in the lateral one-third (Hendrickson 2009), as shown in Figure 2-2. This 

bone articulates with the sternum, forming the sternoclavicular joint, and connects the upper extremity 

to the axial skeleton (Hendrickson 2009).  The clavicle also articulates with the acromion of the scapula 

laterally, forming the acromioclavicular (AC) joint.  
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Figure 2-2 – Posterior view of the Clavicle (Gray 1918). 

2.1.1.2  Scapula 

The scapula or shoulder blade has a flat, triangular shape, as illustrated in Figure 2-3-A. In the resting 

position, the scapula covers the second to seventh ribs (Hendrickson 2009). This bone has a bony ridge 

called spine of the scapula that extends laterally, until a larger area called acromion that articulates with 

the clavicle at the AC joint (Hendrickson 2009). An important part of the scapula is the glenoid fossa, a 

shallow cavity on the lateral aspect of the scapula that can be seen in Figure 2-3-B, which articulates 

with the humeral head and forms the glenohumeral joint. 

 

  

A                                                           B 

Figure 2-3 – Posterior (A) and lateral (B) view of the scapula (Gray 1918). 

2.1.1.3  Humerus 

The humerus is the largest and longest bone of the upper extremity of the human body. Its proximal 

portion consists in a half spheroid articulating head, the greater tuberosity, bicipital groove, the lesser 

tuberosity and proximal humeral shaft (Terry and Chopp 2000).The head of the humerus has a certain 
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degree of inclination relatively to the axis of the humeral shaft that can range between 130º and 150º, 

Figure 2-4-A. It is also retroverted 26º to 31º, Figure 2-4-B, from the medial and lateral epicondylar plane 

(Terry and Chopp 2000). The greater (GT) and lesser tuberosity (LT), located on opposite sides of the 

bicipital groove, are the attachment sites for the rotator cuff tendons (Funk 2005). The subscapularis 

attaches on the LT, while the supraspinatus, infraspinatus and teres minor attach on the GT (Williams 

and Ramsey 2011). The bicipital groove constrains the biceps tendon. 

The lower extremity of the humerus presents two articular surfaces for articulation with the radius 

and ulna. On either side are the lateral and medial epicondyles. The articular surfaces extend a little 

lower than the epicondyles, and are curved slightly forward. The capitulum of the humerus is a smooth, 

rounded eminence of the lateral portion that articulates with the proximal radius. Medially, there is a 

grooved portion of the articular surface which fits within the semilunar notch of the ulna named trochlea. 

Separated from one another by a thin, transparent lamina of bone are three fossae. Above the capitulum 

is the radial fossa, a slight depression,which receives the anterior border of the head of the radius, when 

the forearm is flexed. The coronoid fossa, a small depression above the front part of the trochlea, 

receives the coronoid process of the ulna during flexion of the forearm. The olecranon fossa, a deep 

triangular depression above the back part of the trochlea, accomodates the ulna during full extension of 

the elbow (Gray 1918). A illustration of this bone is presented in Figure 2-5. 

  

2.1.2 Joints 

The interaction between the bones of the shoulder complex form four joints: the sternoclavicular (SC) 

joint, the acromioclavicular (AC) joint, the scapulothoracic (ST) joint, and the glenohumeral (GH) joint, 

commonly known as shoulder joint. Another structure commonly considered is the coracoacromial arch 

which is a functional joint where the head of the humerus is covered by the acromion and the 

coracoacromial ligament (Hendrickson 2009). Along with the motion of the trunk, all joints of the shoulder 

complex can contribute as much as 180º of elevation to the upper extremity. This elevation refers to the 

combination of the clavicular, scapular, and humeral motions that occur when the arm is raised either 

forward or to the side, including sagittal plane flexion, frontal plane abduction, and all the motions in 

between (Levangie and Norkin 2005). Scapular motion on the thorax contributes, normally, about one- 

 

 

 

 

 

 

                 

A                                                                  B 

Figure 2-4 –The angle of inclination between the humeral head and the shaft (A). The angle of torsion with 
regard to an axis through the humeral condyles (B) (Levangie and Norkin 2005). 
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                                                      A                                                                                  B 

Figure 2-5 – Anterior view (A) and posterior view (B) of a left humerus (Gray 1918). 
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third of the total motion necessary for the elevation of the arm through the linked SC and AC joint 

motions, whereas the GH joint contributes about two-thirds of the total motion (Levangie et.al 2005).  

2.1.2.1 Sternoclavicular Joint 

The sternoclavicular joint, presented in Figure 2-6, acts as the only structural attachment of the 

clavicle, scapula, and upper extremity to the axial skeleton. Because of the scapula’s attachment to the 

lateral end of the clavicle, the movement of the clavicle at the SC joint will inevitably produce movement 

of the scapula under conditions of normal function (Levangie and Norkin 2005). The SC joint is a plane 

synovial joint with three rotatory and three translatory degrees of freedom (Levangie and Norkin 2005). 

The SC joint is an incongruent joint, having a fibrocartilage joint disk, or meniscus, that increases 

congruence between joint surfaces (Levangie and Norkin 2005). 

 

The SC joint is surrounded by a fairly strong fibrous capsule but the majority of its support comes 

from three ligaments. These are the SC ligaments, the costoclavicular ligament, and the interclavicular 

ligament (Levangie and Norkin 2005). The three rotatory degrees of freedom at this joint are most 

commonly described as elevation/depression, protraction/retraction, and anterior/posterior rotation of 

the clavicle. With elevation, the clavicle rotates upward, and with depression, the lateral clavicle rotates 

downward. With protraction, the clavicle rotates anteriorly, and with retraction, the lateral clavicle rotates 

posteriorly. The configuration of joint surfaces in this plane is the opposite of that for 

elevation/depression.  

2.1.2.2  Acromioclavicular Joint 

Like the SC joint the AC joint has also six degrees of freedom. It has a joint capsule, two major 

ligaments, and a joint disk may or may not be present. The primary function of the AC joint is to allow 

the scapula to have an additional range of rotation on the thorax. Moreover, the AC joint allows 

transmission of forces from the upper extremity to the clavicle (Levangie and Norkin 2005). This joint, 

which consists in the articulation between the lateral end of the clavicle and a small facet on the acromion 

of the scapula, varies a lot in configuration, it might be flat, reciprocally concave-convex, or reversed 

(Levangie and Norkin 2005).  

 

Figure 2-6 Anterior view of the sternoclavicular joint. (Gray 1918) 
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Without reinforcement of the superior and inferior acromioclavicular ligament and the 

coracoclavicular ligaments, the capsule of the AC joint would be weak and unable to maintain the 

integrity of the joint (Levangie and Norkin 2005). 

Studies are inconsistent in identifying the movement and axes of motion for this joint due to the small 

articular facets of the AC joint and the wide range of variety between individuals. Internal and external 

rotation motions maintain contact of the scapula with the horizontal curvature of the thorax as the clavicle 

moves, and also to “push” the glenoid fossa toward the plane of humeral elevation (Levangie and Norkin 

2005). Anterior and posterior tipping of the AC joint tips or tilts the scapula in relation to the clavicle. This 

joint also allows upward/downward rotation of the scapula (Levangie and Norkin 2005).  

2.1.2.3  Scapulothoracic Joint 

The ST joint is formed by the articulation of the scapula with the thorax. Even though the ST joint is 

called a “joint” it is not a true anatomic joint as it has none of the usual joint characteristics. In fact, this 

articulation is highly dependent on the integrity of the SC and AC joints. Any movement of the scapula 

on the thorax results in movement at either the AC joint, the SC joint, or both.  

The principal motion of the scapula, which plays a significant role in increasing the range of elevation 

of the arm, is upward rotation on the thorax (Levangie and Norkin 2005). The ultimate functions of 

scapular motion are: to orient the glenoid fossa for optimal contact with the maneuvering arm; to add 

range to the elevation of the arm; and to provide a stable base for the controlled motions between the 

humeral head and glenoid fossa (Levangie and Norkin 2005). 

2.1.2.4  Glenohumeral Joint 

The GH joint, shown in Figure 2-7, is a ball-and-socket synovial joint or a spheroidal joint. Even 

though this joint has the greatest range of motion at all joints in the body, it sacrifices stability for mobility 

(Hendrickson 2009). Contrary to the hip joint, which has two-thirds of the head of the femur within the 

acetabulum, this incongruous joint has only 30% of the head of the humerus in direct contact with the 

glenoid fossa in the resting position (Hendrickson 2009). On one hand, this lack of congruency gives 

the joint the widest range of motion of all joints in the human body, but on the other hand it makes it the 

most commonly dislocated joint in the body (AAOS 2007) .  

2.1.3 Passive Mechanisms 

The minimal size mismatch between the glenoid fossa and the humeral head contributes to a relative 

lack of stability, although the matched concavity and convexity of the articular surfaces offers stability 

when the muscle forces compress the joint (Cole and Katolik 2007).  In the shoulder joint, the muscles 

keep the proper alignment of the head of the humerus in the glenoid fossa and play a dual role of support 

and motion (Hendrickson 2009). The forces that restrain the center of rotation through a large arc of 

motion the result of an interplay between static and dynamic forces. Static forces, which do not require 

active energy, are due to the capsule, glenoid labrum, and ligaments, while the dynamic forces are due 

to the muscles action (Terry and Chopp 2000).  
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Figure 2-7 The left shoulder and acromioclavicular joints, and the ligaments of the scapula (Gray 1918). 

2.1.3.1  Glenoid Labrum 

The glenoid labrum, located in the glenoid margin, as shown in Figure 2-8, is a dense and fibrous 

structure, wherein its outer surface is the primary attachment site for the joint capsule and glenohumeral 

ligaments (Hendrickson 2009). The superior aspect of the labrum is attached and reinforced by the long 

head of the biceps, whereas its inferior aspect is reinforced by the long head of the triceps (Hendrickson 

2009). 

The labrum extends the conforming articular surfaces, increasing the contact surface area and, 

consequently, stability (Terry and Chopp 2000). This structure also increases stability by deepening the 

concavity of the glenoid socket. The loss of integrity of the labrum decreases the resistance to translation 

by 20%, confirming its role as a static stabilizer (Terry and Chopp 2000). 

 

 

Figure 2-8 – Lateral view of the shoulder showing the glenoid labrum (glenoid ligament) (Gray 1918). 
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2.1.3.2  Joint Capsule and Ligaments 

The surface area of the joint capsule is twice as large as that of the humeral head, allowing an 

extensive range of motion. The main function of the capsule, depicted in Figure 2-9, is to tighten or “wind 

up” in various extremes of motion (Terry and Chopp 2000). The capsuloligamentous structures 

reciprocally tighten and loosen during rotation of the arm in order to limit translation (Terry and Chopp 

2000). These ligaments are particularly important in providing stabilization when all other stability 

mechanisms are overwhelmed (Terry and Chopp 2000).  

 

Figure 2-9 – Joint capsule interweaving rotator cuff muscles and long head of the triceps (Hendrickson 2009). 

There are four ligaments at the glenohumeral joint: the glenohumeral, the coracohumeral, the 

coracoacromial, and the transverse humeral. All of which are depicted in Figure 2-10. Like in any other 

joint, there is a reflex from the mechanoreceptors within the joint capsule and ligaments to the muscles 

surrounding the joint (Hendrickson 2009).  

The glenohumeral ligament, which is in fact composed of three ligaments, has its superior ligament 

paralleling the course of the coracohumeral ligament, being really similar in their function (Terry and 

Chopp 2000). The middle glenohumeral ligament can be absent in 8% to 30% of patients. Its function is 

to limit anterior translation of the humeral head in the lower ranges of abduction and inferior translation 

in the adducted position (Terry and Chopp 2000). The inferior glenohumeral ligament is often described 

as complex because of its anterior band, axillary pouch, and posterior band. Its thickest portion acts as 

a primary stabilizer against anterior translation of the humeral head in the throwing position of abduction 

and external rotation (Terry and Chopp 2000). The coracohumeral ligament is a thick band of capsular 

tissue that inserts into the lesser and greater tuberosities and originates from the base of the lateral 

coracoid (Terry and Chopp 2000). In the adducted position this ligament is taut and constrains the 

humeral head on the glenoid (Terry and Chopp 2000). In a strong triangular band form, the 

coracoacromial ligament is attached to the edge of the acromion, in front of the articular surface for the 

clavicle, and to the  coracoid’s entire lateral border (Hendrickson 2009), forming a vault for the protection 

of the humeral head.  
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Lastly, the transverse humeral ligament crosses the intertubercular groove, consequently, stabilizing 

the tendon of the long head of the biceps. 

The capsule is reinforced by the superior, middle, and inferior GH ligaments, as well as by the 

coracohumeral ligament (Levangie and Norkin 2005).  Some authors have described the superior GH 

ligament, the superior capsule, and the coracohumeral ligament as interconnected structures that bridge 

the space between the supraspinatus and subscapularis muscle tendons, forming what they described 

as the rotator interval capsule (Levangie and Norkin 2005). It appears that the superior GH ligament 

contributes most to the anterior and inferior stability of the joint by limiting anterior and inferior 

translations of the humeral head whenever the arm is on the side. In its turn, the middle GH ligament 

contributes, essentially, to anterior stability by limiting anterior humeral translation with the arm at the 

side and up to 45º of abduction. The inferior GH ligament, which has been described as having three 

portions and has thus been termed the inferior GH ligament complex (IGHLC), plays a major role of 

stabilization in abduction beyond 45º and in combined abduction and rotation (Levangie and Norkin 

2005). In summary, in all positions of humeral abduction, the capsule and GH ligaments tighten with the 

rotation of the humerus, producing tension and consequently increasing GH stability (Levangie and 

Norkin 2005).  

2.1.4 Dynamic Stabilizers 

The muscles of the shoulder region can be classified into two major groups: muscles that stabilize 

the scapula and muscles of the rotator cuff (Hendrickson 2009). In this section, the scapulothoracic 

muscles, the glenohumeral muscles, and other multiple joint muscles that integrate the shoulder 

complex are described. All these muscles act together in order to move the arm: the scapulothoracic 

muscles contract first to stabilize the scapula against the rib cage; Then, the rotator cuff and deltoid 

muscles contract to elevate the arm (Hendrickson 2009).  

The main scapulothoracic muscles are depicted in Figure 2-11. The trapezius is the largest and most 

superficial muscle acting as a scapular retractor (Hendrickson 2009). It has an extensive origin from the 

 

Figure 2-10 – Ligaments of the glenohumeral and the acromioclavicular joints (Hendrickson 2009). 
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base of the skull to the upper lumbar vertebrae and inserts onto the lateral aspect of the clavicle, 

acromion, and scapular spine (Terry and Chopp 2000).  

The rhomboids, consisting of the major and minor muscles, origin from the spinous processes of the 

7th cervical vertebra, and the 1st and 2nd thoracic vertebra, respectively. They insert on the medial aspect 

of the scapula (Terry and Chopp 2000). The rhomboids are similar in function to the midportion of the 

trapezius, in addition to retracting the scapula, they also elevate it due to their oblique course 

(Hendrickson 2009).  

The levator scapula inserts on the superior angle of the scapula and originates from the transverse 

processes of the cervical spine (Terry and Chopp 2000). 

The serratus anterior inserts through three portions from the superior to the inferior angle of the 

scapula and originates from the bodies of the first 9 ribs and the anterolateral aspect of the thorax (Terry 

and Chopp 2000). 

The levator scapula and serratus anterior have a close anatomical and functional relation. The levator 

scapula acts to elevate the superior angle of the scapula and, together with serratus anterior, produces 

upward rotation of the scapula (Hendrickson 2009). 

The pectoralis minor takes origin on the chest wall and through the fifth ribs, and inserts onto the 

base of the medial side of the coracoid (Hendrickson 2009). This muscle protracts the scapula, if it is 

retracted, or rotates it downwardly (Hendrickson 2009). The main function of the rotator cuff muscles is 

the dynamic stabilization of the GH joint (Hendrickson 2009). When the arm hangs at the side, little 

contraction of the deltoid or cuff muscles is required, due to the tensile force provided by the joint capsule 

and the coracohumeral ligaments, that pulls the humeral head against the glenoid cavity (Hendrickson 

2009). However, when the arm is elevated, the superior joint capsule is lax and it no longer stabilizes 

the joint. At that moment, the rotator cuff muscles hold the humerus inside the glenoid, stabilizing the 

joint (Hendrickson 2009).   

 

 

Figure 2-11 – Superficial and front view of some scapulothoracic musculature among other shoulder muscles (Objectives 
2007). 
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The supraspinatus muscle lies on the superior portion of the scapula, originating from the 

supraspinatus fossa and inserting forward and laterally on the superior aspect of the greater tuberosity 

(Terry and Chopp 2000). This muscle is active in any motion involving elevation of the arm (Hendrickson 

2009).  

The infraspinatus is the second most active muscle in the rotator cuff. It originates from the 

infraspinous fossa and extends laterally to its tendinous insertion on the middle facet of the greater 

tuberosity (Terry and Chopp 2000).  This muscle provides the primary external rotation force and also 

stabilizes the GH joint (Terry and Chopp 2000). 

The teres minor originates from the mid to upper regions of the axillary border of the scapula and 

extends laterally and superiorly onto the inferior facet of the greater tuberosity (Terry and Chopp 2000). 

Its action is similar to that of the infraspinatus. 

The subscapularis muscle originates from the subscapular fossa and inserts on the lesser tuberosity 

of the humerus. Its tendon is closely related to the anterior capsule and it acts as an internal rotator 

(Terry and Chopp 2000).  

Finally, the deltoid muscle consisting of three portions, an anterior one originating from the lateral 

clavicle, a middle one originating from the acromion, and a posterior one originating from the spinous 

process of the scapula (Terry and Chopp 2000). These three portions converge distally to insert on the 

deltoid tuberosity of the humerus. The anterior and middle portions allow for elevation in the scapular 

plane and also assist forward elevation along with pectoralis major and biceps (Terry and Chopp 2000). 

There are many muscles which take part on the glenohumeral musculature. An important group of 

muscles is the rotator cuff muscles which include the supraspinatus, infraspinatus, teres minor, and 

subscapularis. These muscles attach to the posterior, superior, and anterior head of the humerus as a 

continuous cuff and not as discrete tendons. The fibers of the cuff blend with the articular joint capsule 

(Hendrickson 2009). 

Another muscle that should be considered here is the long head of the biceps because of its function 

which is intimately related to the rotator cuff as it also offers resistance to external rotation (Terry and 

Chopp 2000). 

Besides all these muscles, muscles responsible for the arm motion include the pectoralis major, the 

teres major, the coracobrachialis, the latissimus dorsi, and the triceps.  

2.2 Shoulder Arthroplasty 

This section focuses on the shoulder arthroplasty. It starts with a description of its historical 

background followed by an explanation of the common pathologies and indications for shoulder 

arthroplasty. The major techniques used in shoulder arthroplasty are described in detail last.  

2.2.1 Historical Background 

The prosthetic field has a long history of evolution that includes many inventions. Apparently, the 

early pioneers of this field were the Egyptians with rudimentary prosthetic limbs that were made of fiber 

and it is believed that they were used just to provide a sense of “wholeness” disregarding their function 

(Norton 2007).  



14 
 

Nowadays, the shoulder joint is the third most commonly replaced joint in the human body after the 

hip and knee joints. In the United States of America, around 10.000 hemiarthroplasties or total shoulder 

arthroplasties (TSA) were performed annually in the early 1990s. By 2008, a total average of 47.000 

surgeries per year was performed (Lin, Wong, and Kazam 2016).  

In Portugal, a formal registration of shoulder surgeries only started in 2009 by Sociedade Portuguesa 

de Ortopedia e Traumatologia (SPOT), and the Registo Português de Artroplastias (RPA). However, 

regarding the shoulder resurfacing arthroplasty, there is still not a proper classification of this procedure: 

it is commonly considered as a Hemiarthroplasty, and the type of prosthesis applied is not described. 

The number of resurfacing arthroplasties in Portugal is expected to still be very low. 

Regarding the shoulder arthroplasty, the first shoulder prosthesis was implanted by French surgeon 

Jules-Émile Péan dating back to 1893. An implant made of platinum and rubber was used to replace a 

glenohumeral joint that had been destroyed by tuberculosis (Petriccioli, Bertone, and Marchi 2015).  

However, the shoulder arthroplasty did not develop until 1951 with the work of Neer (Petriccioli et al. 

2015; Widnall et al. 2013). Neer started by developing an unconstrained Vitallium prosthesis for the 

treatment of severe proximal humerus fracture (Petriccioli et al. 2015). His early work addressing 

proximal humerus fractures issues provided him with the experience to use the same concepts to treat 

shoulder osteoarthritis (OA) (Widnall et al. 2013). Since then, several different designs have been 

created. The first design by Neer included a monoblock with a smooth surface fixed with 

polymethylmethacrylate, known as bone cement, (Petriccioli et al. 2015). The first-generation 

components met the needs of a group of patients, but taking into account the wide anatomical variability 

between individuals, it offered a mid-range of sizes and did not precisely reproduce the proximal 

humerus geometry (Petriccioli et al. 2015). Nowadays, the humeral component design is commonly 

referred to as adaptable and modular (Petriccioli et al. 2015).  

Currently, there are several surgical options for shoulder replacement: Total Shoulder Arthroplasty 

(TSA), which involves the replacement of the arthritic joint surfaces by a polished metal ball attached to 

an intramedullary stem, and a plastic socket; Stemmed Hemiarthroplasty, similar to TSA but without the 

socket component; Shoulder Resurfacing Arthroplasty (SRA) (or Shoulder Resurfacing 

Hemiarthroplasty if it does not include the socket component), in which the joint surface of the humeral 

head is replaced by a cap-like prosthesis without an intramedullary stem; and, Reverse Total Shoulder 

Arthroplasty, which changes the shoulder anatomy by having the metal ball attached to the scapula and 

the plastic socket attached to the humerus (Wiater 2011). 

Over the past twenty years, the SRA has gained popularity as an alternative to the conventional 

shoulder arthroplasty (Burgess et al. 2009). It all started with Steffe and Moore performing the first 

humeral resurfacing procedure in the late 1970s with the use of a resurfacing hip implant (Burgess et 

al. 2009). They soon realized that they needed to adjust the curvature radius of the prosthesis to fit more 

precisely the dimensions of the humeral head (Burgess et al. 2009). This first approach relied on a  

stainless-steel prosthesis with no central stem, being fixed to the humerus through the use of bone 

cement (Burgess et al. 2009) and it was performed without resurfacing of the glenoid. Along with these 

progresses, Copeland started to develop a cementless surface replacement, which consisted of a 

central pegged humeral component fixed by a screw through the lateral cortex, combined with a 
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polyethylene glenoid element secured by a peg (Burgess et al. 2009). Through in vitro testing, they later 

realized that the screw was not contributing to fixation, and thus eliminated it in a later version (Burgess 

et al. 2009). In 1993, an important contribution to the reduction of loosening was made by the addition 

of a hydroxyapatite (HA) coating both in the humeral and glenoid components (Burgess et al. 2009). At 

this moment, resurfacing prosthesis designs are composed of a non intramedullary central stem, which 

is crucial for rotational stability (Widnall et al. 2013), available in a variety of shapes, diameters, and 

lengths (Burgess et al. 2009). The head component is often made of cobalt-chromium alloy, though 

titanium alloys can also be found in some models (Burgess et al. 2009). Even though some designs are 

fixed with cement, the most common way to implant these models is through a press-fit method with the 

help of a HA coating that encourages bone ingrowth (Burgess et al. 2009). 

One of the challenges in shoulder arthroplasty is to reproduce accurately the natural anatomy of the 

humerus, as well as the biomechanics of the shoulder complex. At the moment, there is still a lack of a 

prospective, randomized study, that compares the resurfacing arthroplasty with other arthroplasty 

procedures (Widnall et al. 2013). Longer term prospective and comparative data are needed to allow 

surgeons to make more informed decisions about the right implant for their patients (Widnall et al. 2013). 

Some authors believe that the SRA has the potential to become the gold standard for younger patients 

with isolated humeral head arthritis, revealing a promising future.  

2.2.2 Pathologies and Indications 

The most common reasons for a shoulder arthroplasty include osteoarthritis, inflammatory arthritis, 

complex proximal humerus fractures, irreparable tears of the rotator cuff, rotator cuff arthropathy, and 

avascular necrosis of the humeral head (Lin et al. 2016).  

It is really important to have an adequate first primary diagnosis: diseases affecting only the proximal 

humeral side of the joint may be candidates for partial joint replacement, whereas disease processes 

affecting both sides of the joint may require total shoulder arthroplasty. Other important aspects to take 

into account is the integrity of the rotator cuff, and the glenoid morphology, contributing to the decision 

about the type of prosthesis and the need for additional surgical techniques (Lin et al. 2016).  

Osteoarthritis on the GH joint is the end result of cartilage degradation. Patients with OA present 

biochemical changes of cartilage that lead to structural weakening. Another type of OA is secondary OA, 

in which a large rotator cuff trauma causes degradation of the normal cartilage due to abnormal 

biomechanics (Lin et al. 2016).  

In inflammatory arthritis of the GH joint, there is a broad spectrum of events that can lead to cartilage 

destruction. The most common inflammatory arthritis to affect the GH joint is rheumatoid arthritis. In 

rheumatoid arthritis, cartilage is destroyed evenly by inflammatory pannus. In an inflammatory arthritis 

case, the proper characterization of the glenoid morphology and glenoid version measurements are 

critical for preoperative planning (Lin et al. 2016).   

Low-energy trauma in elderly patients due to osteoporosis or high-energy trauma in younger patients 

can result in proximal humerus fractures. Shoulder arthroplasty is also indicated for displaced fractures 

that have a high risk for malunion, nonunion, and avascular necrosis of the humeral head (Lin et al. 

2016). 
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Rotator cuff tears lead to instability and abnormal biomechanics due to the loss of normal forces 

acting on the humeral head. Typically, an irreparable rotator cuff tear is a large tear with significant tear 

retraction and atrophy of the involved rotator cuff muscles. Under these conditions, the humeral head 

tends to migrate causing a smaller acromiohumeral distance (Lin et al. 2016).   

Humeral head avascular necrosis is a condition that can lead to necrotic’s subchondral bone collapse 

evolving to an irregular joint surface, and subsequent joint degeneration (Lin et al. 2016). 

The general orthopedic evaluation of these patients consists of several components. Patients’ 

medical history is necessary to evaluate the extent of the shoulder pain and its functionality. A physical 

examination is required to understand the shoulder motion, stability and strength. Imaging techniques 

may be required to help determine the extent of damage, X-rays can reveal loss of the normal joint 

space between bones, flattening or other irregularities. Occasionally, other tests such as blood tests, or 

magnetic resonance imaging (MRI) scans, may be needed to determine the condition of both hard and 

soft tissues of the shoulder (Wiater 2011).  

2.2.3 Anatomical Shoulder Arthroplasty 

Typically, the total shoulder arthroplasty (TSA) involves replacing the arthritic joint surfaces with a 

highly polished metal ball attached to a stem, and a plastic polyethylene socket, as depicted in Figure 

2-12. 

The anatomical prostheses available are highly modular to specifically suit patients’ anatomy. These 

components can be either cemented or “press fit” into the bone. The humeral component may consist 

of titanium in a press-fitted fixation or of cobalt-chromium in a cemented fixation (FDA 1999).  

Good candidates for a conventional TSA would be patients with bone-on-bone OA and intact rotator 

cuff tendons (Wiater 2011). Depending on the condition of the shoulder, the surgeon may opt to replace 

only the ball. A procedure where the socket is not replaced is called hemiarthroplasty. The indications 

for hemiarthroplasty include: arthritis that involves the head of the humerus but not the glenoid, and 

severely weakened bone in the glenoid or severe torn rotator cuff tendons and arthritis (Wiater 2011).   

 

Figure 2-12 Total shoulder joint replacement (Wiater 2011). 
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The most common complications after TSA, in order of decreasing frequency, are component 

loosening, glenoid wear, instability, rotator cuff tear, periprosthetic fracture, neural injury, infection, 

hematoma, deltoid injury, and venous thromboembolism (Wirth and Rockwood Jr. 2017).  

Glenoid component failure after TSA results from a combination of factors, some specific to the 

patient’s morphology, and others are related to the surgical technique and implant design (Wirth and 

Rockwood Jr. 2017). Raiss et al. (2012) stated that glenoid polyethylene wear was associated with the 

development of osteolysis of the proximal aspect of the humerus after arthroplasty (Wirth and Rockwood 

Jr. 2017). A common complication noted in patients who underwent hemiarthroplasty is glenoid wear. 

Despite concerns regarding glenoid component loosening, several authors and surgeons support TSA 

for patients with end-stage GH arthritis and intact rotator cuff (Wirth and Rockwood Jr. 2017). Rotator 

cuff tears after shoulder arthroplasty is a common issue. In TSA, such tears account for 9.0% of all 

complications (Wirth and Rockwood Jr. 2017). After TSA, studies have demonstrated poor results with 

attempts at rotator cuff repair, in symptomatic rotator cuff tears, which may lead to a posterior conversion 

to an RTSA (Wirth and Rockwood Jr. 2017).  

2.2.4 Reverse Total Shoulder Replacement 

The TSA is not a suited option for patients with cuff tear arthropathy. For these patients, TSA may 

result in pain and limited motion range. The reverse total shoulder is a better option in these cases.  

Good candidates for a Reverse Total Shoulder Arthroplasty (RTSA) are patients with completely torn 

rotator cuff, cuff tear arthropathy, unsuccessful previous shoulder replacement, severe shoulder pain 

and difficulty to move the arm, complex fracture of the shoulder joint, chronic shoulder dislocation, or 

tumors of the shoulder joint (Athwal et al. 2017). 

 A conventional shoulder replacement tries to mimic the normal anatomy of the shoulder in the best 

way possible. In the TSA, a plastic cup is fitted into the shoulder socket, and a metal ball is attached to 

the top of the humerus. However, the RTSA switches these components, i.e., the metal ball is fixed to 

the socket and the plastic cup is fixed to the humerus as depicted in Figure 2-13.  

 

Figure 2-13 – Reverse Total Shoulder Replacement components (Wiater 2011). 
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The RTSA allows for a more stable center of rotation that counteracts the tendency of the humerus 

to move upwards. For that reason, and in contrast to the TSA, the RTSA relies on the deltoid muscle, 

instead of the rotator cuff in order to position and move the arm (Athwal et al. 2017).  

The complications that might arise from this procedure are similar to those of the TSA and, in some 

cases, require revision or reoperation.  

2.2.5 Shoulder Resurfacing Arthroplasty 

Over the past years, the SRA has become an alternative to conventional shoulder arthroplasty. In 

contrast to the TSA, which involves removal of the entire humeral head followed by placement of an 

intramedullary stem into the proximal aspect of the humerus, shoulder resurfacing consists of reaming 

the proximal portion of the humeral head and fitting a metal-alloy cap over the remainder of the head 

(Burgess et al. 2009).   

Resurfacing of the proximal part of the femur has been performed for more than thirty years, and 

there has been a resurgence in its use in recent years due to advances in metallurgy and design. 

Nonetheless, there are functional and anatomic differences between the hip joint and the shoulder joint. 

The shoulder joint supports lower loads, but it has a greater range of motion and decreased offset 

(Burgess et al. 2009).  

Normal shoulder anatomy can vary considerably among individuals. Changes in the offset angle of 

the humerus due to shoulder arthroplasty can undesirably affect the biomechanics of the joint. Some 

alterations of the angle of inclination might change the tension and/or the lever arm of the deltoid and 

rotator cuff muscles leading to a decreased range of motion. Changes in the torsion angle may result in 

increased tension of the rotator cuff tendons or decreased range of motion. An alteration in the curvature 

radius of the humeral head by 5 mm would decrease the range of motion by 20º to 30º, hence increasing 

the extent of GH translation during movement (Burgess et al. 2009). With the SRA, the humeral neck 

and more than 50% of the humeral head are retained, which is essential to properly restore the joint’s 

biomechanics. The native head-shaft angle remains absolutely intact, as no osteotomy of the neck is 

performed (Burgess et al. 2009).  

If an accurate preoperative planning is performed, the center of rotation and radius of curvature can 

be determined in order to decide the optimal prosthesis size, resembling the original anatomy of the 

shoulder. Many authors have reported that the inclination, version, offset, and head-shaft angles were 

maintained with the resurfacing (Burgess et al. 2009). 

Indications for SRA include pain or decreased function that are unsuccessfully treated with non-

operative means, many types of arthritis, osteonecrosis, cuff tear arthropathy and chronic instability of 

the joint. Furthermore, the SRA may be suited for patients for whom the arthroplasty is indicated but 

who have extra-articular deformities of the proximal head, which would make it difficult or impossible to 

conveniently place stemmed prosthesis (Burgess et al. 2009). For younger and more active patients, 

resurfacing hemiarthroplasty avoids the risks of component wear and loosening that may occur with the 

TSA. Due to its more conservative nature, resurfacing hemiarthroplasty may be easier to convert to the 

TSA, if necessary at a later time (Wiater 2011). 
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Manufacturers offer a various range of sizing options based upon observed variability in humeral 

head size in normal shoulders. In a summarized manner, the procedure starts with an intraoperative 

confirmation of head sizing using humeral head sizers of the humeral head gauge. Then, the appropriate 

humeral head sizer is assembled to the drill guide handle and the necessary measurements are taken. 

Based on that, the physician performs a humeral shaping with the reamer as illustrated in Figure 2-14.   

 

Figure 2-14 – Humeral head shaping in an SRA procedure (DePuy 2004). 

This is followed by an implant trailing and a central stem preparation. In many models, the shape of 

the stem is cruciform, improving implant rotational stability. After proper soft-tissue releasing, the implant 

is finally placed at its place using a head impactor tool to completely seat the implant with a mallet. The 

final result can be seen in Figure 2-15.  

 

Figure 2-15 – Cross section of the humeral head with a resurfacing implant (DePuy 2004). 

The SRA has been associated with low complication rates in studies with follow-up times ranging 

from eight months to seven years. Contrary to the TSA, in which the prevalence of periprosthetic 

fractures is around 20%, there are few periprosthetic fractures reported in the SRA (Burgess et al. 2009). 

Complications related with stemmed arthroplasties such as excessive bleeding and humeral fracture 

are less frequently observed in the SRA (Widnall et al. 2013). The most frequently encountered 

complication of resurfacing is loosening, especially on the glenoid side. The addition of a HA coating 

tries to address this complication but future studies are needed to understand long-term effects of these 

changes (Burgess et al. 2009). It seems that revision rates of the SRA are not only comparable with the 
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TSA but are also better than those of stemmed prostheses. Furthermore, due to the high bone stock 

preservation and humeral length conservation, conversion to a stemmed prosthesis has been reported 

to be an uncomplicated procedure. The fact that the removal of the humeral component requires less 

manipulation than a conventional arthroplasty may be associated with a smaller risk of complications 

(Burgess et al. 2009).  

So far, reported indications for revision surgery are loosening of the humeral and/or glenoid 

component, glenoid erosion, infection, fracture, and improper implant size. After a failed SRA, multiple 

types of revision procedures are possible such as arthroscopy, arthrodesis, and, obviously, conversion 

to a conventional TSA (Burgess et al. 2009).   

As the advantages of this procedure become clearer and the material and design improve the SRA 

may become more popular. Unfortunately, resurfacing of the glenoid in SRA might cause increased 

tension on the rotator cuff, which leads to a decrease in the range of motion. Nevertheless, thinner 

glenoid component designs or biologic materials could solve this problem (Burgess et al. 2009).  

It is clear that the SRA is a viable alternative to conventional surgery as shown by several short and 

mid-term follow-up studies (Burgess et al. 2009; Copeland, Funk, and Levy 2002). Advantages of 

humeral resurfacing are (1) decreased bone resection, (2) shorter operative times, (3) lower prevalence 

of humeral periprosthetic fractures, and (5) potential for straightforward revision to a TSA. Moreover, it 

is easier to restore normal offset, inclination, and version of the GH joint as no osteotomy is performed. 

The head-neck angle also remains intact (Burgess et al. 2009).  

A potential disadvantage of resurfacing is the limited ability to correct glenoid lateralization, although, 

new surgical approaches and materials might lessen these risks and improve the outcome (Burgess et 

al. 2009). Future studies are necessary to evaluate alternative surface bearing materials, especially on 

the glenoid component, and to determine the long-term success rates. 

Humeral resurfacing is suited for younger, more active patients that present problems constrained to 

the humeral head (Widnall et al. 2013). Nonetheless, some studies prove that the SRA is also adequate 

for elderly patients, as long as they present minimal morbidity and rapid rehabilitation (Burgess et al. 

2009). Assuming that the patient has a reasonable bone stock, the SRA is indicated to treat OA, 

avascular necrosis (AVN), and rheumatoid arthritis (RA). Other common indications to SRA are rotator 

cuff arthropathy and posttraumatic arthritis.  

Practical outcome results in several studies compare the SRA favorably to results following stemmed 

prostheses for different contexts, presenting a 95% patient satisfaction (Widnall et al. 2013). The main 

indication for revision on SRA patients is implant loosening (Widnall et al. 2013).  

2.3 Background on Biomechanical Modeling  

Physical models that use real construction and mathematical models that use conceptual 

representations are widely used in biomechanics (Prendergast 1997). Problems of everyday life can be 

described by laws of physics, in algebraic, differential or integral equations. The main problem is the 

formulation of mathematical models that fit perfectly the physical process, as well as a viable numerical 

analysis of these models (White 1985). The functions aiming to approximate the model are random and 

hard to define, especially when it comes to models of high geometric complexity (White 1985). A finite 



21 
 

element analysis (FEA) divides the whole problem domain into simpler parts providing an accurate 

representation of complex geometries, the inclusion of dissimilar material properties, easier 

representation of the total solution, and the capture of local effects (White 1985).  According to Huiskes 

and Chao, the first application of FEA in orthopedics was in 1972. Since then, FEA has been increasingly 

used for three main purposes: (1) design and pre-clinical analysis of prostheses, (2) to obtain 

fundamental biomechanical knowledge about musculoskeletal structures, and (3) to investigate time-

dependent adaptation processes in tissues, such as bone remodeling (Prendergast 1997).  

The application of FEA to the orthopedics field may be said to be at its fourth decade now with 

much more complex finite element models (FEM). Nonetheless, this complexity comes with technical 

constraints imposed by hardware and software limitations. Investigators often seek to simplify models, 

with a view to further develop the model, hence decreasing the analysis computational time of the 

analysis (Hopkins, Hansen, and Amis 2005). There has been established that the development of a 

comprehensive model of the entire human body is not essential for consideration of a specific region of 

the body. Further modifications can be achieved by ignoring several boundary conditions, such as those 

created by muscle action, where it could be assumed that their omission would not influence the results 

greatly. Although, there is a concern that an oversimplified model, excluding soft-tissue involvement, 

would not predict similar results to a more fully defined anatomy (Hopkins et al. 2005).  

Finite element analysis has been extremely performed in the literature to study the replacement 

of a joint by an implant (Friedman et al. 1992; Giles et al. 2015; Prendergast 1997; Rothstock et al. 

2011). However, quantitative accuracy can never be assured because of anthropometric differences 

between patients (Prendergast 1997). In this work several subjects are evaluated to include the effect 

of human variability on the results. 

Because musculoskeletal tissues have irregular geometries, finite element models have been 

carried out through digitized images generated by computed tomography (CT) scanning that allow the 

development of much more detailed models (Prendergast 1997).  

Most of the studies in total joint replacement research and development address the knee and 

hip components. The shoulder replacement has received little attention compared to these (Orr and 

Carter 1985). In the scope of the shoulder arthroplasty, most studies have focused on studying the 

mechanical factors related to component loosening, the most common complication of shoulder 

replacement, by relating effects of design parameters on stress distribution (Friedman et al. 1992; Orr, 

Carter, and Schurman 1988; Stone et al. 1999). Another aspect that has been studied through FEA 

relies on implant design parameters, the influence of the type and the shape of implant and the implant 

positioning as well (Ackland, Patel, and Knox 2015; Giles et al. 2015; Schmidutz et al. 2014). The type 

of fixation method used in the implantation, cemented or cementless, is also a common object of study 

(Boileau et al. 2002; Litchfield et al. 2011). There are several other studies concerning bone remodeling 

after a shoulder arthroplasty using different remodeling algorithms and approaches (Quental et al. 2012; 

Rothstock et al. 2011; Schmidutz et al. 2014).  

Previous studies that can be considered hand in hand with this work address mostly bone 

resorption and stress shielding patterns in the shoulder arthroplasty of a specific prosthesis type 

(Nagels, Stokdijk, and Rozing 2003; Quental et al. 2012). There have been some studies on the 
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influence of implant design, on bone remodeling but only for femoral resurfacing (Rothstock et al. 2011). 

For the shoulder resurfacing, the bone remodeling has been studied for different prostheses but not for 

different prosthesis parameters (Schmidutz et al. 2014). There is still a lack of information regarding the 

SRA since most of the research targets the TSA and, most recently, the RTSA.  

 

2.3.1 Elements of the work  

Using CT scans, the original work consisted in the development of five computational finite element 

models which included: (1) the image segmentation and treatment, (2) the model creation process, (3) 

the design of eleven muscular attachments, (4) the definition of the FEA conditions. These models were 

evaluated for two different loading cases – abduction and flexion. The muscle and joint reaction forces 

applied were obtained from the work of Quental et al. (2012). 

Several Matlab® routines were created in order to:  

o Generate a common coordinate system for all models.  

o Assign nodes to the reaction force’s area.  

o Map values between meshes. 

o Assign physical properties, such as density. 

o Treat quantitative results.  

For each subject five personalized prosthesis models were created using Solidworks®. Moreover, a 

convergence study was performed previously to the FEA using Abaqus® in order to decide adequate 

mesh parameters. 

  

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

Chapter 3 

3. Computational Modeling Pipeline 

The computational work performed for the development of the finite element models follows an 

extensive pipeline of actions, based on the work of Ribeiro et al. (2009) which are summarized in Figure 

3-1.  Each and every one of these steps is further developed next. Notice that the methodology followed 

is more complex than depicted in Figure 3-1 as these steps constitute the major checkpoints of the 

process.  

 

Figure 3-1 – Software pipeline followed: Task, Tool, and Extension. 

First, the methods that culminated in the final geometry are explained. Then, the definition of the 

material properties definition and the modeling of the prostheses models is described. Finally, all 

constraints needed to perform the FEA are detailed. The medical CT images from the five subjects used 

in this research were obtained from the Hospital de Santa Maria. Personal and medical information 

about these subjects will remain undisclosed.   

3.1 Image Segmentation, Correction, and Final Geometry  

Classically, image segmentation is defined as the partitioning of an image into nonoverlapping 

constituent regions that are homogeneous with respect to some characteristic such as intensity or 

texture (Chenyang, Pham, and Prince 2000). ITK-SNAP is an open-source software used to segment 

structures in 3D medical images. This software uses active contour methods to build a semi-automatic 

segmentation image, and it offers the possibility of manual delineation and image navigation as well. 

This process started with proper adjustments of image contrast and the selection of the Region of 

Interest (ROI) selection followed by the setting of thresholding parameters shown in Figure 3-2.   

A thresholded image is defined as a binary partition where 1 corresponds to object points and  

-1 corresponds to the background (Gonzalez and Woods 2008). This means that pixels between the 

threshold interval are included and assigned a value of 1 whereas pixels outside the interval are 

assigned a value of -1 (background). Here, the pixels of interest match the humeral bone tissue. After 

thresholding definition, the user places several bubbles on the original image to initiate the active-

contour method, illustrated in Figure 3-3.  

Finally, due to the presence of noise and partial volume effects, a manual segmentation was 

performed to correct any structures that were wrongly segmented. This process was repeated for each 
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studied subject. 

 

Figure 3-2 - Thresholding definition properties on ITK-SNAP. 

 

Once the ITK-SNAP process was finished a filter correction was applied on the whole geometry to 

smooth staircase effects from CT scanning. After several experiments with different filters and 

properties, a final script for the generation of the filtered geometry was created in Meshlab®. The 

script included the compaction of possible duplicated vertices and faces, and a Laplacian Smooth 

filter. Since every geometry has its uniqueness, some specific correction was made with a manual 

tool.  

 

 

Figure 3-3 – Thresholding evolution on ITK-SNAP. 

Because the geometry taken from Meshlab® was only a surface mesh instead of a solid mesh the 

surface model was imported to Solidworks® as a point cloud file and a solid model was created using a 

Solidworks® plug-in, ScanTo3D. The final solid model of the humerus geometry illustrated in Figure 3-4 
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for one subject. The CT images used did not have the same size or resolution and the scans were 

oriented for different pathologies. For that reason, the scans did not cover the diaphysis of the humerus 

evenly for all subjects. In order to obtain uniformity between subjects, an artificial elongation of the 

diaphysis was performed on Solidworks® and can also be seen in Figure 3-4.   

 

Figure 3-4 – Example of the artificial elongation on the humeral diaphysis performed for subjects 2, 4 and 5.  

3.2 Prostheses Design and Implantation 

The rationale behind the different parameters studied was to change the length and width of the stem 

relative to the standard prosthesis, which is inspired by the Global CAP commercialized by the DePuy 

Synthes as depicted in Figure 3-5. The alteration in stem diameter and length is a commonly used 

technique to evaluate the influence of prosthesis’ parameters. This prosthesis is a resurfacing humeral 

head implant suited for younger osteoarthritic or rheumatoid arthritis patients who can benefit from a 

bone-preserving implant (DePuy 2004). The model is available in different sizes, conjugating different 

head height and head diameter combinations as can be seen in Table 3-1. 

 

Table 3-1 - Available Global CAP sizing options (DePuy 2004). 

Anatomic Sizing 
Head Diameter (mm) 

40 44 48 52 56 

Head 

Heights 

(mm) 

15 X X    

18 X X X X X 

21   X X X 

 

The stem length is directly proportional to the humeral head height. In increasing order of head 

height, the stem length is, respectively, 30 mm, 35 mm, and 40 mm.  



26 
 

  

                A                                                              B 

Figure 3-5 – Global CAP prosthesis normal design and design with increased area of superolateral articulation 
(A) (DePuy Synthes 2017) and computational model (B).    

 

Figure 3-6 presents the standard model of the Global CAP prosthesis and its computational model 

developed in Solidworks®, which is hereafter referred to as “standard model”. 

The parameter variations performed consisted in (1) decrease or increase of 25% in stem diameter, 

or (2) decrease or increase of 25% of the stem length. This process resulted in four models, hereafter 

addressed as thinner, larger, smaller, and longer. Figure 3-6 presents all the models developed.  

 

 

                        A                                 B                                C                              D                               E 

Figure 3-6 – Thinner model (A), Larger model (B), Standard model (C), Smaller model (D), Longer model (E). 

 

All modifications were performed from the standard model, which in turn, was designed according to 

the best combination of head height and head diameter available on Table 3-1 for each individual. The 

five subjects required different prosthesis sizes, as described in Table 3-2. For each of these models, 

the variations in width and length were performed in the previously described manner.  

After virtual templating of the prostheses all five prostheses models were implanted on each of the 

five analyzed subjects. 
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Table 3-2 - Standard prosthesis head height and head diameter sizes for each subject. 

Subject Head Height (mm) Head Diameter (mm) 

1, 2 15 44 

3 21 48 

4, 5 15 40 

3.3 Physical Properties 

Bone was modeled as an isotropic, linearly elastic material. The mechanical properties of the bone 

tissue were defined according to Gupta and Dan (2004) who related the Young’s Modulus and the bone 

apparent density by:  

𝐸 = 1049.25 ×  10−6 × 𝜌2, 𝜌 ≤ 350 𝑘𝑔. 𝑚−3                               ( 1 ) 

𝐸 = 3 × 10−6 × 𝜌3, 350 ≤ 𝜌 ≤ 1800 𝑘𝑔. 𝑚−3                                ( 2 ) 

where, 𝐸 represents the Young’s Modulus of each node with a respective density of 𝜌. The mechanical 

behavior of bone tissue is depicted in Figure 3-7. The Poisson’s ratio was set to 0.3 for all the domain.  

 

Figure 3-7 – Relationship between the Young’s Modulus and bone density (Gupta et al.2004). 

The density values in the bone were estimated from the CT scans. In a CT, each pixel is assigned a 

numerical value (CT number), which is the average of all the attenuation values contained within the 

corresponding voxel. This number is compared to the attenuation value of water and displayed on a 

scale of arbitrary units, named Hounsfield Units (HU) after Sir Godfrey Hounsfield (Payne 1978), given 

by: 
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𝐻𝑈 = 1000 × 
𝜇− 𝜇𝑤𝑎𝑡𝑒𝑟

 𝜇𝑤𝑎𝑡𝑒𝑟−  𝜇𝑎𝑖𝑟
                               ( 3 ) 

where, 𝜇𝑤𝑎𝑡𝑒𝑟 and  𝜇𝑎𝑖𝑟 are respectively the linear attenuation coefficients of water and air.  

The HU values from the CT data were automatically assigned to the model of the finite element 

meshes using the open source plug-in Bonemapy in Abaqus®. 

According to Gupta and Dan (2004), the apparent density 𝜌 can be computed from the CT values, in 

HU, using a linear calibration derived from two reference points from the CT-scan slices. The first point 

used as reference is the value of air, which represents non-bone condition and should correspond 

linearly to the minimum HU value. The second point is the HU of cortical bone which in turn corresponds 

to the maximum HU value. The equation for calibration of the CT values with density is expressed as: 

 

ρ = a + b × HU Value                                ( 4 ) 

Considering the calibration parameters a and b known, a routine developed in Matlab® was applied 

to calculate the density values of the bone for each mesh node. Because each pixel in a CT image 

represents the attenuation properties of a specific material volume, if that volume comprises a number 

of different substances then the resulting CT value represents an average of their properties. Due to 

inherent resolution limitations of CT, the material properties of the geometry boundaries are 

compromised. For that reason, the superficial nodes of the mesh were corrected to have the maximum 

density listed on the whole domain, corresponding to cortical bone. In the quadratic element mesh, this 

effect caused an incongruent value of density in the interior nodes of the edges too. An average of 

density between the two utmost nodes of the edge was assigned to the node in between whenever this 

incongruence happened.  

The assignment of the density properties was more complex in subjects for which an artificial 

elongation of the humerus was performed. As this subjects were artificially elongated the bone geometry 

was outside of the CT domain and Bonemapy was unable to compute the HU values. A mapping 

algorithm was built in Matlab® for these cases. Considering the density values from the bone without the 

artificial elongation and the coordinates of booth the original and elongated humerus as input, the 

mapping process of the nodes shared between the original and the elongated bones consisted in finding 

the nodes from the original bone closest to each node in the elongated bone. For each one of these 

nodes, the density assigned was based on an inverse distance weighting method, given by: 

𝜌(𝑥) = {
∑ 𝑤𝑖(𝑥)×𝜌𝑖

𝑁
1

∑ 𝑤𝑖(𝑥𝑁
1 )

𝜌𝑖

  
𝑖𝑓 𝑑(𝑥𝑖,𝑥𝑗)≠0

𝑖𝑓 𝑑(𝑥𝑖,𝑥𝑗)=0
                              

( 5 ) 

where 𝜌(𝑥) is the density value of the node in the elongated bone mesh, and 𝑤𝑖(𝑥) =
1

𝑑(𝑥𝑖,𝑥𝑗)
, with 

𝑑(𝑥𝑖 , 𝑥𝑗) being the Euclidean distance between nodes. Regarding the nodes not shared by the normal 

and the elongated bone meshes, a projection of the end slice of the original humerus was performed 

along the elongation axis. An example of the appearance of the bone density distribution can be seen 

in Figure 3-8.  
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Figure 3-8 – Example of bone density distribution (kg.m-3) on the bones. 

The physical properties of the prosthesis materials are presented in Table 3-3. The head of the 

prosthesis is composed of a Cobalt-Chromium-Molten alloy (CrCoMo), whereas the stem is made of 

Ti6Al4V, a titanium-aluminum-vanadium alloy.   

Table 3-3 – Physical properties of the prosthesis from Ratner et al.(1996) and ASM International (2009).  

Material Young’s Modulus (GPa) Poisson Ratio 

CrCoMo 241 0.3 

Ti6Al4V 120 0.3 

3.4 Loading Conditions 

3.4.1 Muscular Attachments 

The loading conditions represent the muscular forces present in the arm movement. With the aim 

of increasing the accuracy of the analysis, several muscular attachments were simulated in the bone. 

Nine muscular insertions were created: Supraspinatus, Subscapularis, Pectoralis Major, Latissimus 

Dorsi, Teres Major, Deltoid, Coracobrachialis, Infraspinatus, and Teres Minor and two muscular origins: 

Biceps and Triceps. These muscle forces reproduce more truthfully the real dynamic action on the 

humerus on both load case studies. The muscle attachments were designed directly on each bone 

following Netter’s Atlas of Anatomy (Netter 1989) with the help of a partition tool on Abaqus® and can be 

seen in Figure 3-9.   
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Figure 3-9 – Muscular Attachments on the bone anterior and posterior view.  

 The major difficulty of this process was to guarantee some level of uniformity between subjects. 

Anatomic variability led to different areas of attachment, however, it reproduced correctly the real 

anatomy of each subject as this anatomical differences are natural and occur in fact. Such variability is 

present in nature and so should not be ignored, enriching the experience.    

3.4.2 Loads 

The data regarding the magnitude of muscle forces and the GH joint reaction force were obtained 

using the multibody musculoskeletal model of the upper body developed by Quental et al. (2013) .  The 

forces applied were computed through inverse dynamics for flexion and abduction positions of 110º, 

Figure 3-10. 

 

Figure 3-10 – Arm flexion and extension and arm abduction and adduction movement (Drake et al. 2012). 

With the intention of transforming these forces into each subject’s referential, a first approach 

was tried using an Iterative Closest Point Algorithm in Matlab®. The goal was to align each subject’s 
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mesh with the original bone mesh from which the forces were calculated. The algorithm received the 

two point clouds to be compared. Its output was a matrix containing a translation vector and a rotation 

matrix transforming each subject’s point cloud into the original point cloud. Due to the anatomical 

variability, the algorithm did not work for all resulting in a significant amount of error in the transformation. 

In a second approach, a Matlab® routine was used to create a unique common referential for all 

subjects that allowed a consistent and systematic application of the forces.  

The common coordinate system is defined as follows: 

 Origin – center of the humeral head, computed by fitting a sphere to the humeral head, 

as illustrated in Figure 3-11-A. 

 Y-axis – aligned with the diaphysis of the humerus, which is estimated by fitting a 

cylinder to the diaphysis, as shown in Figure 3-11-B. 

 X-axis – Perpendicular to the plane containing the y-axis and the origin.  

 Z-axis – Perpendicular to the x and y-axes.  

 

 

                                                     A                                                                  B 

Figure 3-11 – Sphere adjustment to the humeral head and cylindrical adjustment to the humeral diaphysis. 

The muscle forces and joint reaction applied in the coordinate system defined are presented in 

Table 3-4. The application point of these forces is the centroid of each muscular attachment, defined in 

the form of a Reference Point. Since muscles are not acting on a single point but, instead, on a certain 

area, the force application point for each muscle was coupled to the attachment area through a Coupling 

constraint in Abaqus®. The force was distributed considering a uniform distribution.  

Regarding the GH joint reaction forces, a Matlab® routine was developed to select the nodes on 

the humeral head surface on which the force was to be distributed. The selection of nodes was based 

on the projection of the GH reaction force from the joint center to the humeral head surface. A quadratic 

force distribution was considered (Lacroix, Murphy, and Prendergast 2000). 
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Table 3-4 - Muscle forces and GH joint reaction forces for the flexion and abduction positions considered in this 
study in the common coordinate system. 

 

 

3.5 Modeling Conditions 

The final geometry of the models was imported into Abaqus®, in which the finite element meshes 

were generated. The best type of mesh and element size was chosen based on sensitive analysis. The 

principle applied is that it is possible to judge the convergence of the solution with respect to mesh 

refinement by comparing scalar physical quantities for each refined mesh. This refinement analysis was 

conducted as an h-refinement, dividing elements into smaller ones, and as a p-refinement, increasing 

elements’ polynomial degree (Babuška and Guo 1992).  

The type of elements chosen was quadratic in spite of its more complex formulation, which 

increased computational time. Regarding mesh refinement, elements with an average edge of 2 mm 

 Flexion (N) Abduction (N) 

Muscle X Y Z X Y Z 

Triceps 
-35,76 -42,94 -25,82 -5,77 -55,82 -26,86 

Biceps 
-11,86 -2,75 19,43 5,07 -1,38 0,09 

Pectoralis Major 
-0,06 0,027 0,56 -8,24 5,59 2,49 

Latissimus Dorsi 
-5,3E-06 9,11E-06 8,17E-06 -5,5E-06 5,97E-06 6,09E-06 

Deltoid 
-49,83 162,02 -9,33 24,42 145,61 8,30 

Supraspinatus 
-4,9E-05 7,18E-05 0 27,37 82,35 44,85 

Infraspinatus 
3,76 11,28 11,50 -13,57 69,37 105,47 

Subscapularis 
23,77 100,37 68,07 0 4,19E-04 4,85E-04 

Teres Minor 
8,51 40,88 41,95 -0,90 5,11 11,49 

Teres Major 
5,78E-06 8,07E-06 4,53E-06 0 0 1,28E-05 

Coracobrachialis 
-1,5E-05 7,98E-05 -3,2E-06 0 0 -1E-06 

Glenohumeral 

Reaction 
-31.32 304.90 -164.38 -0.24 -318.16 -203.90 
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were considered to be sufficient for the solution to converge properly. Both the bone and the prosthesis 

were meshed with the same characteristics. Figure 3-12 presents the finite element meshes generated 

for one subject.  

 

 

Figure 3-12 – Finite element mesh of the bone and prosthesis with quadratic elements. 

The interaction between the prosthesis and the bone was modeled accordingly to the different 

components of the prosthesis. The Global CAP prosthesis has a superficial HA coating on the inner part 

of its head. This coating promotes bone ingrowth and, at a later stage after implantation, it should be 

completely fixed to the bone. For that reason, a tie constraint was defined between the prosthesis 

surface and the bone surface in this area. The stem of the prosthesis, however, is not coated. Since this 

prosthesis is meant to be used only in uncemented surgeries a contact condition with a small sliding 

formulation was defined between the surface of the stem and the bone surface within the cut. This 

conditions can be seen in Figure 3-13. 

 

Figure 3-13 – Tie interaction (left) and contact interaction (right) between the prosthesis and the bone. 

 The base of the humerus was fixed by a boundary condition of the type Encastre.  

 Overall, a total of thirty FEM were generated. For each subject in this study, a FEA was 

performed: (1) the bone implanted without the implant, (2) the bone with the standard prosthesis (3) the 
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bone implanted with the larger prosthesis, (4) the bone implanted with the thinner prosthesis, (5) the 

bone implanted with the longer prosthesis, (6) and the bone implanted with the smaller prosthesis. The 

loads, boundary conditions, and other parameters remained unchanged for all simulations. 

3.6 Analysis of the results 

The Von Mises stress and strain energy density for the bone were evaluated. 

In the quantitative analysis, the bone was divided into eight regions based on the work of 

Schmidutz et al. (2014). The bone was first divided by a plane passing through the base of the 

prosthesis’ head. Second and third planes divided the bone following the cross on the stem of the 

prosthesis. This division is made on the humeral head until the most extreme stem length modeled. The 

regions were numbered one to eight can be seen in Figure 3-14. 

 

 

 This analysis focused on a comparison between the intact bone and the implanted bone for 

each prosthesis model. For that purpose, a mapping algorithm, similar to the one presented in Section 

3.3, was used to map the Von Mises stress and the strain energy density from the intact bone (IN) to 

the implanted bone (IM). For each subject, prosthesis, and region, a relative difference between the 

implanted bone and the intact bone was computed as: 

𝛥𝑀 (%) =  
∑ (𝑀𝐼𝑀−𝑀𝐼𝑁)×𝑤𝑖

𝑛
𝑖=1

∑ 𝑀𝐼𝑁 × 𝑤𝑖
𝑛
𝑖=1

× 100                               ( 6 ) 

 

 

Figure 3-14 –  Regions of the humeral head in the analysis (A – anterior; P – posterior). 
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Where the 𝛥𝑀 is any one of the physical quantities analyzed, 𝑤𝑖 is the volume associated with 

of the node, a value obtained through the Abaqus® results that acts as a weighting factor, 𝑖 and 𝑛 are 

the total number of nodes in the region under analysis. With these results, a comparison between 

subjects was made in order to evaluate subject intra-variability in different regions. An inter-variability 

study was also performed to evaluate the fundamental goal of this work which is to find differences 

between prostheses modeled. 

Additionally, a relative difference between the changed implant and the original implant was 

computed for each region and each subject, i.e.: 

𝛥𝑉 (%) =  
∑ (𝑉𝐶𝑀−𝑉𝑆𝑀)𝑛

𝑖=1

∑ 𝑉𝑆𝑀
𝑛
𝑖=1

× 100                               ( 7 ) 

  Where 𝑉𝐶𝑀 and 𝑉𝑆𝑀 represent the quantities compared in the changed model and 

standard model, respectively.  
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Chapter 4 

4. Results 

In this chapter, the results of the finite element analyses performed are presented. The chapter is 

divided into three sections, which consist in (1) qualitative results comparing the intact bone and the 

implant bone, (2) quantitative results comparing the intact bone and the implant bone, and (3) 

quantitative results concerning prostheses variability. 

4.1 Intact bone and implanted bone 

Figure 4-1 presents the Von Mises stress distribution for the intact bone and the implanted bone with 

the standard model of the resurfacing prosthesis, the Standard prosthesis, for the flexion and abduction 

load cases. For the sake of briefness, and because the results are qualitatively similar for all subjects, 

only the results for one subject, S2, are shown.  

In the intact bone, high stresses are observed near the application of the GH joint reaction force and 

the cortical layer of the diaphysis. In general, the stresses are higher for the abduction movement. 

The introduction of the implant shows a clear reduction of the stresses in the bone, especially in the 

most superficial regions. In the tip of the stem, the stresses become closer to those found in the intact 

bone.  

The bone area in contact with the rim of the prosthesis shows high stress values for both movements.  
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Figure 4-1 – Von Mises stress (MPa) distribution in the intact bone (A) and in the implanted bone with the 

Standard prosthesis (B) for the flexion load case and in the intact bone (C) and in the implanted bone with the 

Standard prosthesis (D) for the abduction load case. 

 

Figures 4-2 and 4-3 present the Von Mises stress distribution for all prostheses modeled for the 

flexion and abduction load cases, respectively.  

The stress distribution patterns are similar for all models especially for those in Figures 4-2-A, 

B, and C. However, in the more superficial regions of the bone the stresses are higher for the thinner 

prosthesis, Figure 4-2-E. On the other hand, for the larger prosthesis, in Figure 4-2-D, the stresses are 

lower in the most superficial regions of the bone.  

Regarding the abduction load case, the thinner prosthesis, in Figure 4-3-E, shows the highest 

stresses in the most superficial regions. The deepest regions have minor differences between all the 

models.  
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Figure 4-2 – Von Mises stress (MPa) distribution in the bone implanted with the standard prosthesis (A), the longer prosthesis (B), the smaller prosthesis (C), the larger 
prosthesis (D) and the thinner prosthesis (E) for the flexion load case. 
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Figure 4-3 -  Von Mises stress (MPa) distribution in the bone implanted with the standard prosthesis (A), the longer prosthesis (B), the smaller prosthesis (C), the larger 
prosthesis (D) and the thinner prosthesis (E) for the abduction load case. 
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Figure 4-4 and 4-5 present the strain energy density distribution for all the prostheses modeled 

for the flexion and abduction load cases, respectively. For both movements, the differences between the 

longer model, Figures 4-4-B and 4-5-B, and the smaller model, Figure 4-4-C and 4-5-C, are negligible. 

The thinner prosthesis, Figures 4-4-E and 4-5-E, show higher strain energy density patterns in the more 

superficial regions of the bone, while, the larger prosthesis, Figures 4-4-D and 4-5-D, shows higher 

values of strain energy density for the more interior regions of the humeral head.  

Generally, all the models show higher strain energy density values than the standard prosthesis 

in the right lateral region of the prosthesis. The regions around the rim of the prosthesis show elevated 

strain energy densities for all models.  
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Figure 4-4 -  Strain energy density (MPa) distribution in the bone implanted with the standard prosthesis (A), the longer prosthesis (B), the smaller prosthesis (C), the larger 
prosthesis (D) and the thinner prosthesis (E) for the flexion load case. 
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Figure 4-5 -  Strain energy density (MPa) distribution in the bone implanted with the standard prosthesis (A), the longer prosthesis (B), the smaller prosthesis (C), the larger 
prosthesis (D) and the thinner prosthesis (E) for the abduction load case. 
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4.2 Comparison between the intact bone and the implanted bone 

Figures 4-6 and 4-7 present the results for the quantitative comparison between the intact bone 

and the implanted bone for different prostheses, according to Equation 6. For the sake of simplicity, only 

the results concerning the flexion load case are presented. The results regarding the abduction load 

case can be consulted in the Appendix B. The effective results, here analyzed using boxplots (see 

Appendix A), are presented in Appendix B as well. 

According to Figure 4-6, a clear pattern is identified for all subjects for all prostheses, the four 

most superficial regions show the highest decreases in Von Mises stress, from the intact model to the 

implanted model, whereas the four deepest regions show smaller differences. The superficial regions of 

the humeral head (Regions 1,2,3, and 4) show a decrease between 45% and 85% in stress while the 

deepest regions (Regions 5,6,7, and 8) present a decrease of about 20% in stress and, in some cases, 

an increase. The variability in the results is wider in the regions with greater loss and it is more limited 

in the remaining regions.  

Figure 4-7, shows the same pattern identified in Figure 4-6 for the strain energy density 

distribution. Regions 1,2,3, and 4 show larger decreases in the strain energy density, from the intact 

bone to the implanted bone, while the other four regions show smaller differences between the models. 

In the deepest regions the differences are closer to zero and in some cases there is even an increase 

in the strain energy density.   

 For both measurements, most of the computed differences are negative, thus confirming the 

results present in Section 4.1. 
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Figure 4-7 – Average relative difference (%) in strain energy density for the flexion load case for all five subjects and for all eight 
regions. The x-axis represents, on top, the prostheses modeled and, on bottom, the eight regions of the humerus defined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6 – Average relative difference (%) in Von Mises stress for the flexion load case for all five subjects and for all eight 

regions. The x-axis represents, on top, the prostheses modeled and, on bottom, the eight regions of the humerus defined. 
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4.3 Comparison between the standard prosthesis and modified 

prostheses 

 

Figures 4-8 and 4-9 show the relative difference between the modified prostheses and the 

standard prosthesis for the eight regions of the humerus regarding the Von Mises stress and the strain 

energy density, respectively. For the sake of conciseness, only the results for the flexion load case are 

shown. The results for the abduction load case can be consulted in the Appendix C.  

Note that in this section, values above zero mean a decrease in the difference of stresses and 

strains relative to the intact bone whereas values below zero mean an increase in the difference of these 

stresses and strains relative to the intact bone.  

According to Figure 4-8, the differences between the standard, longer, and smaller models were 

small, below 5%. More remarkable differences were observed for the larger and the thinner models. 

Overall, the thinner model shows an increase in the Von Mises stresses with respect to the standard 

model, whereas the larger model shows a decrease. 

Regarding the strain energy density, Figure 4-9, the largest differences are obtained for the larger 

and thinner models, as observed for the Von Mises stress.  

The thinner model shows the biggest differences in comparison to the standard prosthesis. 

However, the differences between the standard and the larger prosthesis are less relevant and around 

15%. In spite of the positive values in some regions showed by the larger, the thinner model seems to 

be the model with the closest approximation to the natural strain energy density values of the intact 

bone. 
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Figure 4-8 – Average relative difference in the Von Mises stress (%) between the standard and modified models for the flexion load case.  The 
x-axis represents, on top, the prostheses modeled and, on bottom, the eight regions of the humerus defined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9 -   Average relative difference in strain energy density (%) between the standard and modified models for the flexion load case.  
The x-axis represents, on top, the prostheses modeled and, on bottom, the eight regions of the humerus defined. 
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Chapter 5 

5. Discussion 

Over the past decades, the SRA has gained popularity due to its good outcomes and decreased 

bone resection. However, the shoulder resurfacing has been scarcely addressed in the literature since 

most of the emphasis in total joint replacement research and development has been placed on the knee 

and hip components. The main goal of this work was to understand the influence of the characteristics 

of the implant on the stress distribution of the humerus after a shoulder resurfacing arthroplasty using 

3D FEM.  

Many manufacturers or university laboratories have been using FEA models to create designs 

of joint replacement prostheses. However, quantitative accuracy of these designs can never be assured 

because of anthropometric differences between patients (Prendergast 1997).  

This work focused on the mechanical changes in stress and strain energy density due to design 

modifications. The closer the stress patterns in the bone are to the natural stress patterns, the less likely 

it is that adverse bone remodeling occurs (Ridzwan et al. 2007). According to Wolf’s law, the bone will 

adapt to the loads under which it is placed. Hence, when a prosthesis is implanted, it tends to support 

the majority of load, shielding the bone from stress and compromising the natural distribution of stresses 

and strains (Ridzwan et al. 2007). The results provide insight to what extent this phenomenon occurs 

and if any other design could attenuate it.  

The results obtained confirmed the occurrence of the stress shielding phenomenon due to the 

prosthesis implantation. Figure 4-1, clearly shows that the largest stresses supported by the intact bone 

are, after the implantation, supported almost entirely by the prosthesis. The stresses below the tip of the 

prosthesis and below the rim, however, are closer to the intact bone condition. These results are 

consistent with those of Ridzwan et al. (2007) and Ong (2006), obtained while addressing the stress 

shielding phenomenon in a hip joint replacement. 

Qualitative results did not show significant differences between prostheses models. However, 

in stem diameter altered models the difference between stress values before and after implantation are 

smaller. The largest differences can be seen in the most superficial regions of the bone. 

Quantitative results confirmed that, in fact, the regions in which the differences in stress are 

higher are the most superficial regions. Regions 1, 2, 3 and 4 of the implanted bone show a decrease 

in Von Mises stress and strain energy density. Quantitative results agree with qualitative results as the 

thinner prosthesis shows a lower decrease in Von Mises stress and strain energy density comparing to 

the intact bone. 

Higher values of strain energy density are found in the regions around the tip and rim of the 

prosthesis, similarly to studies conducted on the femoral head by Gupta, New, and Taylor (2006). In the 

regions where the stress and strain shielding effect is higher, the thinner prosthesis is the one that better 

reproduces the natural anatomy of the shoulder.  

 A more direct comparison to the standard prosthesis is performed to understand if there is a 

more beneficial model in Section 4.3. In general, in Figure 4-8 and Figure 4-9, models with more positive 
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values than the Standard prosthesis constitute a better option relative to the stress and strain 

distribution. One should take into account that, even though higher stresses represent an improvement, 

the increase in stress must be as smooth and homogeneous as possible to avoid localized stress peaks. 

The alterations in stem diameter are more significant than the alterations in stem length as qualitative 

results revealed. Figures 4-8 and 4-9 show that a thinner stem led to a reduced difference in the stress 

and strain distribution patterns between the intact bone and the implanted bone.  

The numerical predictions of this study agree well with others (Gupta et al. 2006; Orr and Carter 

1985; Schmidutz et al. 2014) regarding the existence of higher stress shielding effects on the most 

proximal regions of the bone. The results are in agreement with Schmidutz et al. (2014), i.e., they show 

that the SRA causes inhomogeneous stress distribution in the humeral head and induces stress 

shielding effect. Ong et. al (2006) described a non-physiological distribution of stresses and strains in 

their FEM of a cemented hip resurfacing arthroplasty, revealing increased stress around the stem, also 

seen in this study for the humeral head. Identical results were found by Watanabe et al. (2000) showing 

a high degree of stress shielding in the superior femoral head. Schmidutz et al. (2014) compared the 

effect of the stress shielding phenomenon in the bone remodeling of two fixation geometries of an SRA 

prosthesis. One of the models had a conical crown shaped ring and the other one had a central stem, 

similarly to the models considered in this work. The results presented for the SRA prosthesis with a 

central stem are similar to those presented in this study. The model with the conical crown ring presented 

a more balanced strain pattern around the stem. Schmidutz et al. (2014) also suggest that the use of 

stems which transfer the load to the surrounding area of the bone would be favorable. The idea is that 

designs with an increased stem surface should transfer the load to a larger bone stock area, thus 

resulting in fewer regions of unloaded bone. However, no study has ever shown this so far. In the present 

study, the model with the largest surface area did not present significant improvements on the stress or 

strain distribution patterns when compared to the standard model. Unfortunately, there is still little 

numerical studies available in literature on the shoulder resurfacing arthroplasty consequences on the 

stress and strain patterns, especially for different types of prostheses. Most of the studies concern the 

glenoid component design, as the main issue reported with the SRA is glenoid component loosening 

(Wirth and Rockwood Jr. 2017).  

In this study, the prosthesis with the thinner stem showed the most potential in reproducing the 

natural load patterns in the humerus. However, note that other critical factors for the success of the SRA 

such as mechanical stability, may compromise the performance of the thinner model. Future studies 

should address also other critical factors besides the stress shielding phenomenon. 

 The present work overcomes some limitations of previous studies. The main strength of this 

study is the evaluation of five anatomically different subjects, while previous studies neglected 

interpatient densitometric and geometric variation (Orr and Carter 1985; Schmidutz et al. 2014). This 

study considered the action of muscular forces, usually ignored in other studies, for two arm positions. 

The study of different stem diameter and length prostheses constitutes an innovative approach to the 

study of the influence of the prosthesis’ parameters in the stress shielding effect in the SRA.  

 Despite the strengths of this study, it is not without limitations. Firstly, the segmentation and the 

geometry creation processes are susceptible to error and may cause geometric changes in the bone 
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natural morphology. Secondly, the densitometric conditions computed from the CT scans constitute pre-

operative conditions. Moreover, the assignment of density values to the mesh may also lead to 

incoherencies. The size and location of the muscle insertions for each subject relied on personal 

judgement along with literature information. Another concerning aspect is the modification considered 

to for the prostheses. The stem was changed in 25% of its width and length which might not induce such 

a significant change in stress and strain patterns. Regarding the contact definition, it is still not clear in 

literature which friction coefficient simulates better the contact between the bone and the implant. The 

coefficient chosen was the most usually cited. The evaluation of more load cases, especially of daily 

activities, would be beneficial. It would be interesting if this work considered, as well, the bone 

remodeling process to understand deeply the changes in bone density with each model.  

 In summary, despite the scarce number of studies addressing the SRA, the results of the stress 

distribution patterns are in agreement with previous ones. The decrease in stem diameter shows 

potential to reduce the stress shielding effect. However, other critical factors such as stability, also need 

to be studied. Despite the limitations of this work, this study is expected to provide relevant insight into 

the influence of different parameters of the SRA prostheses on the stress and strain distribution patterns 

in the humerus.  
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Chapter 6 

6. Conclusions and Future Developments 

The current work studied the influence of the characteristics of the resurfacing prostheses on 

the stress distribution patterns after a shoulder resurfacing arthroplasty. The width and length of the 

prosthesis stem were changed and five prostheses models were evaluated: the standard model, two 

models with a larger and a thinner stem, and two models with a longer and a smaller stem. Five 

anatomically distinct subjects were implanted with the five models, which resulted in a total of thirty finite 

element simulations. The Von Mises stress and the strain energy density were evaluated for all.  

A comparison between the intact bone and all the models revealed the existence of the stress 

shielding phenomenon for the implanted bone, which is in agreement with previous studies. When 

comparing the different prosthesis models, the model with the thinner stem showed the most potential 

in distributing stresses in a closer way to the natural anatomy. However, a thinner stem might implicate 

stability issues that must be addressed in future studies.  

 Despite the many strengths of this study, further studies are needed to deepen the knowledge 

regarding the consequences of the SRA. Ideally, future studies should combine the stress shielding 

effect analyses with bone remodeling algorithms to understand how the design of resurfacing prostheses 

influences these events. The current study presents some dispersion in the result, which limited its 

findings. This dispersion is mainly due to anatomical differences, accentuated by the lower number of 

subjects. Future studies should combine prosthesis’ parameters modification, for instance, models with 

smaller and larger stems, or longer and larger stems, among others. 

It would be interesting to determine clusters of subjects characterized by its size and assign 

each cluster to a suitable prosthesis model that would probably differ according to the clusters’ 

characteristics. It is known that the positioning of the resurfacing prostheses constitutes a main issue 

for surgeons (Ryan et al. 2015). This difficulty might lead to wrong positioning and consequently harm 

stress and strain distribution patterns. Future studies should also focus on the influence of the 

positioning of the resurfacing prostheses on shoulder arthroplasty.   

In conclusion, the results of this study represent a relevant contribution to the understanding of 

the consequences of the implant on the mechanical outcome of the SRA.     
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Appendix 

A.  Boxplot 

 

Figure A-1 – How to read a Boxplot (Yau 2008). 
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B. Comparison between the intact bone and the implanted bone 

Figures B-1, B-2, B-3, and B-4 show the values of Von Mises stress and strain energy density obtained 

through Equation 6 as explained in Section 3.7 for the flexion and abduction load cases. 

Figures B-5 and B-6 show the same values using a boxplot for the abduction load case. 
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Figure B-2 - Average relative difference (%) in strain energy density for the flexion load case for all five 
subjects and for all eight regions.  The x-axis represents, on top, the prostheses modeled and, on bottom, the 
eight regions of the humerus defined. Different colors represent different regions. Different symbols represent 

different subjects as labeled on the right bottom. 

 

 

Figure B-1 - Average relative difference (%) in Von Mises stress for the flexion load case for all five subjects 
and for all eight regions.  The x-axis represents, on top, the prostheses modeled and, on bottom, the eight 
regions of the humerus defined. Different colors represent different regions. Different symbols represent 

different subjects as labeled on the right bottom. 
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Figure B-3 - Average relative difference (%) in Von Mises stress for the abduction load case for all five 
subjects and for all eight regions.  The x-axis represents, on top, the prostheses modeled and, on bottom, the 
eight regions of the humerus defined. Different colors represent different regions. Different symbols represent 

different subjects as labeled on the right bottom. 

 

 

Figure B-4 - Percentage (%) of change in strain energy density from the intact bone to the implanted bone 
in an Average relative difference (%) in Von Mises stress for the abduction load case for all five subjects and 

for all eight regions.  The x-axis represents, on top, the prostheses modeled and, on bottom, the eight 
regions of the humerus defined. Different colors represent different regions. Different symbols represent 

different subjects as labeled on the right bottom. 
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Figure B-5 - Average relative difference (%) in Von Mises stress for the abduction load case for all five 
subjects and for all eight regions. The x-axis represents, on top, the prostheses modeled and, on bottom, the 

eight regions of the humerus defined. 

Figure B-6 - Average relative difference (%) strain energy density for the abduction load case for all five subjects 
and for all eight regions. The x-axis represents, on top, the prostheses modeled and, on bottom, the eight regions 

of the humerus defined. 
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C. Comparison between the standard prosthesis and modified 

prostheses 

Figures C-1, C-2, C-3, and C-4 show the values of Von Mises stress and strain energy density 

obtained through Equation 7 as explained in Section 3.7 for the flexion and abduction load cases. 

Figures C-5 and C-6 show the same values using a boxplot for the abduction load case. 
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Figure C-2 - Average relative difference in the strain energy density (%) between the standard and modified 
models for the flexion load case.  The x-axis represents, on top, the prostheses modeled and, on bottom, the 

eight regions of the humerus defined.. 

 

 

 
Figure C-1 -  Average relative difference in the Von Mises stress (%) between the standard and modified 
models for the flexion load case.  The x-axis represents, on top, the prostheses modeled and, on bottom, 

the eight regions of the humerus defined. 
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Figure C-3 -  Average relative difference in the Von Mises stress (%) between the standard and modified 
models for the flexion load case.  The x-axis represents, on top, the prostheses modeled and, on bottom, the 

eight regions of the humerus defined. 

 

Figure C-4 -  Average relative difference in the Von Mises stress (%) between the standard and modified models for 
the abduction load case.  The x-axis represents, on top, the prostheses modeled and, on bottom, the eight regions of 

the humerus defined. 
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Figure C-5 - Average relative difference in the Von Mises stress (%) between the standard and modified models for the 
abduction load case.  The x-axis represents, on top, the prostheses modeled and, on bottom, the eight regions of the 

humerus defined.to the other models in a flexion movement. 

 

Figure C-6 Average relative difference in the strain energy density (%) between the standard and modified models for 
the abduction load case.  The x-axis represents, on top, the prostheses modeled and, on bottom, the eight regions of the 

humerus defined.to the other models in a flexion movement. 


