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Abstract 

The aim of this Postgraduate Thesis is to investigate the mechanical 
response through simulations of the human femoral bone under peak loading 
conditions during the gait cycle, using a three-dimensional anatomical model 
derived from computed tomography (CT) data. Utilizing the Finite Element 
Method (FEM), the distributions of stress, displacement, principal stresses, and 
their maximum values are obtained in order to assess the overall strength and the 
large-scale behavior of the femur. All the necessary actions that took place in the 
framework of this project fall within the field of Biomechanics.   
 Following the introductory chapter, the first section of Chapter 2 provides 
essential anatomical background on bone tissue, long bones, the femur itself, and 
clinical gait analysis. The second section offers a detailed explanation of 
fundamental concepts in the Mechanics of Deformable Bodies, such as stress, 
strain, the stress tensor, and related quantities, to ensure the reader can fully 
comprehend the technical aspects of this work. The chapter concludes with a 
summary of the FEM methodology, including the assumptions and simplifications 
necessary for the implementation of this study.     
 Chapter 3 describes the procedure used to construct a three-dimensional 
model of the femur from CT scan data obtained from the New Mexico Decedent 
Image Database, using the open-source software 3D Slicer. Particular attention is 
given to challenges encountered during the modeling process, especially those 
concerning femoral bone segmentation. The final part of the chapter involves 
mesh processing and preparation using Meshlab to generate a surface model 
suitable for finite element simulation.      
 In Chapter 4, the full workflow of the Finite Element Analysis is presented, 
including the simulation setup and execution using FreeCAD, as well as all post-
processing stages. The concept of mesh dependency study is introduced, and the 
process for achieving a validated solution is detailed.    
 Chapter 5 concludes the thesis by presenting the simulation results, extracting 
the main findings, and offering suggestions for future research. 
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Περίληψη 
 

Σκοπός της παρούσας μεταπτυχιακής εργασίας είναι να εξετάσει τη μηχανική 

απόκριση του ανθρώπινου μηριαίου οστού, μέσω προσομοιώσεων, σε συνθήκες 

μέγιστης φόρτισης κατά τη διάρκεια του κύκλου βάδισης μέσα από ένα 

τρισδιάστατο ανατομικό μοντέλο βασισμένο σε δεδομένα αξονικών 

τομογραφιών. Με τη βοήθεια της Ανάλυσης Πεπερασμένων Στοιχείων, 

λαμβάνονται η κατανομή των τάσεων, των μετατοπίσεων, των κύριων τάσεων  

καθώς και οι ακρότατες τιμές αυτών με στόχο να αποτιμηθεί η συνολική αντοχή 

του μηριαίου οστού και η μακροσκοπική συμπεριφορά του. Όλες οι απαραίτητες 

ενέργειες που έλαβαν χώρα στο πλαίσιο της παρούσας εργασίας εντάσσονται στο 

γνωστικό πεδίο της Εμβιομηχανικής.     

 Μετά από τη σχετική εισαγωγή του πρώτου κεφαλαίου, στο πρώτο μισό του 

δευτέρου κεφαλαίου, δίνονται οι απαραίτητες πληροφορίες ανατομίας  για τον 

οστίτη ιστό, τα μακρά οστά, το μηριαίο οστό αλλά και την κλινική ανάλυση 

βάδισης. Στο δεύτερο μισό, εξηγούνται έννοιες της Μηχανικής των 

Παραμορφώσιμων Σωμάτων όπως η τάση, η παραμόρφωση, ο τανυστής των 

τάσεων και άλλες συναφείς έννοιες που απαιτούνται για να μπορεί ο αναγνώστης 

να παρακολουθήσει με ακρίβεια κάθε σημείο της παρούσας εργασίας. Ακόμη, 

δίνονται συνοπτικά τα βήματα της μεθόδου των Πεπερασμένων Στοιχείων, καθώς 

και οι αναγκαίες υποθέσεις και απλουστεύσεις για την υλοποίηση της τρέχουσας 

εργασίας.            

 Στο τρίτο κεφάλαιο, περιγράφεται με σαφήνεια ο τρόπος με τον οποίο 

δημιουργείται ένα τρισδιάστατο μοντέλο του μηριαίου οστού μέσα από 

δεδομένα αξονικών τομογραφιών της βάσης δεδομένων New Mexico Decedent 

Image Database, με τη χρήση του ειδικού λογισμικού 3D Slicer. Ιδιαίτερη μνεία 

έγινε σε ένα πρόβλημα που ανέκυψε κατά τη διάρκεια δημιουργίας του μοντέλου, 

όσον αφορά την απεικόνιση του μηριαίου οστού. Επίσης, στο τελευταίο μέρος 

του κεφαλαίου λαμβάνει χώρα η απαραίτητη επεξεργασία και προετοιμασία του 

επιφανειακού πλέγματος μέσω του προγράμματος Meshlab, που χρησιμοποιείται 

ως μητρικό μοντέλο, ώστε να παραχθεί το τελικό μοντέλο.   

 Στο τέταρτο κεφάλαιο, περιγράφονται αναλυτικά όλα τα βήματα της 

Ανάλυσης Πεπερασμένων Στοιχείων, υλοποιούνται οι προσομοιώσεις, μέσω του 

λογισμικού FreeCAD, καθώς και όλα τα στάδια της μετά-επεξεργασίας. Επιπλέον, 

εξηγείται η έννοια της μελέτης εξάρτησης πλέγματος και ο τρόπος που προκύπτει 

η επικυρωμένη λύση.         

 Στο πέμπτο και τελευταίο κεφάλαιο, πραγματοποιείται η παράθεση των 

αποτελεσμάτων και συντελείται η εξαγωγή των συμπερασμάτων μαζί με 

προτάσεις για μελλοντική έρευνα.     
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Nomenclature and Abbreviations 
 

Abbreviations  

FEM   Finite Element Method 

FEA   Finite Element Analysis 

CT    Computed Tomography 

NMDID   New Mexico Decedent Image Database 

DICOM   Digital Imaging and Communications in Medicine 

NIfTI    Neuroimaging Informatics Technology Initiative 

2D    Two-dimensional 

3D    Three-dimensional 

ROI   Region of Interest 

nrrd     Nearly Raw Master Data 

STL   Stereolithography 

CFD   Computational Fluid Dynamics 

CAD   Computer-Aided Design 

BW    Body Weight 

SI    The International System of units 
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Nomenclature 

 

Symbol    Quantity   Unit (SI) 

σ    stress    Pa 

σij (i,j=x,y,z)   component of stress tensor Pa 

σ1    Principal stress  Pa 

σ2    Principal stress  Pa 

σ3    Principal stress  Pa 

ε    Strain     - 

v    Poisson’s ratio    - 

σeq    von Mises stress  Pa 

L    original length   m 

δ    change in length   m 

m    mass    kg 

g    acceleration of gravity  m/s2 

BW    body weight   N 

uij    component of displacement  

vector    m 

εij    component of strain tensor -  

 

 

 

The vectors are denoted with bold letters and the tensors and matrices are denoted 

with capital letters into brackets. 
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Introduction 
The human skeleton is one of the most remarkable structures that nature has 

ever created. It has multiple roles: supporting the whole body, providing protection 

to the internal organs, promoting locomotion and bearing the loads in which the 

human body is subjected.        

 Bone tissue has the unique ability to reorganize its structure as a consequence 

of the stresses to which is exposed and that phenomenon secures its strength. 

Bone is organized in two forms. The first one, cortical bone, shows up as a solid 

mass. The second form is trabecular bone. It is a network of trabeculae that is 

responsible for resisting the loads in which the bone is subjected. [1]   

 Gait analysis has always been one of the top trends in biomechanics. Clinical 

gait analysis could be outlined as the process of registering and interpreting 

biomechanical measurements of gait in order to comprehend the influence of 

malfunctions and diseases in the human body. [2] The gait cycle is the period of 

time from the moment when one foot makes initial contact with the ground until 

the same foot makes contact with the ground again. The aforementioned cycle is 

divided into two main phases: the stance phase and the swing phase.[3]  

 The femoral bone, the most durable bone of the human skeleton, has been 

studied a lot in recent literature and it is of major importance in gait analysis. The 

purpose of this study is the creation of a 3D femur model from scratch with 

guidance from Computed Tomography scans and the implementation of Finite 

Element Analysis at the exact moment the peak forces occur, in order to obtain 

displacements and stress distribution. Also, every effort was made to the extent 

possible, for the procedure described in this study, to be reproducible.  This Master 

Thesis is the initial point of a PhD Thesis running simultaneously and its conclusions 

will be incorporated into the aforementioned PhD Thesis. The aim of the present 

Master Thesis is to gain expertise in various fields and, especially, in the tools that 

are necessary to design stems of innovative materials and explore optimized ways 

to produce them, which are the objective goals of the PhD Thesis. 
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1. Theoretical background and assumptions  
 

1.1 Bone tissue 

Bone is a connective tissue that comprises cells, fibers and extracellular matrix. 

Bone tissue is capable of remodeling, i.e. strengthening in areas where it is exposed 

to increased loads and becoming weaker in areas with reduced loading. It is stiff 

because of the calcification of the extracellular matrix and at the same time 

preserves a level of elasticity due to the existence of organic fibers. Bone is a 

significant storage area for calcium salts and contains bone marrow inside its 

cavities.          

 Bone tissue is formed in two categories, compact and cancellous bone. 

Compact bone is the hard outer layer of the bones responsible for strength and 

protection. Cancellous bone is composed of trabeculae; microscopic branches 

arranged in a network-like pattern. This arrangement is dynamic and allows 

resisting the stress and strains to which the bone is subjected. [1] 

 

1.1.1 Long bones 

Long bones have, remarkably, greater length than breadth and that is their 

distinctive feature. They are consisted of the shaft, called diaphysis, and two bulky 

ends, called epiphyses. They are characterized by the intimate complex structure 

of cortical and trabecular bone. The shaft includes a central tubular cavity that 

contains bone marrow. The diaphysis outer layer is covered by the periosteum, a 

connective tissue sheath. The epiphyses, mostly, are made up of spongy bone 

enclosed in compact bone. [1] 

 

 

 

 

 

 

 

 

Fig. 1 Sketch of the arrangement of trabeculae in 
order to resist tensile and compressive loading in the 
epiphysis of a long bone. [1] 



17 
 

1.1.2 The femoral bone 

The femur is the largest and most durable bone of the human body. Classified 

as a long bone, it articulates between the hip joint and the tibia and the patella. 

 The proximal end of the femur is formed of a head, a neck and two protrusions, 

the greater and lesser trochanter. The head resembles a sphere and together with 

the acetabulum of the hip bone constitute the hip joint. A small cavity in the middle 

of the head is called fovea capitis and serves as the place of attachment of the 

ligament of the head. Fovea capitis also exhibits as entrance point of the blood for 

the blood supply of the femoral bone. The neck forms an angle of about 125o with 

the longitudinal axis of the diaphysis. This angle is slightly smaller in women. 

 The trochanters are detected on the junction of the neck and the shaft. The 

intertrochanteric line connects the trochanters, on the anterior side, and the 

iliofemoral ligament is attached on this line. The shaft of the femoral bone is 

naturally smooth although on its posterior side there is a ridge, the linea aspera, 

to which muscles are attached.        

 The distal end of the femoral bone has the medial and the lateral condyle. The 

intercondylar notch lies, posteriorly, among them. The two condyles participate in 

the shaping of the knee joint. The medial and lateral epicondyles are above the 

condyles. [1]  

 

 

Fig. 2 Anterior and posterior view of the right femoral bone including the attached muscles and ligaments. [1] 
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 The femoral bone plays a significant role in gait analysis because of its crucial 

position in the body’s kinetic chain during walking. Its movement affects a plethora 

of aspects of balance, posture and coordination and acts as a main supporting 

bone in the lower extremities. During gait, it supports almost all of the body’s mass 

and its ability to absorb and transfer loads is the key to an  efficient movement. 

The femur’s alignment and interaction with surrounding structures affect the 

overall mechanics of walking and running. Abnormalities in the femoral bone such 

as fractures, deformities or altered rotation can lead to compensatory changes in 

gait patterns and even contribute to the development of joint pain or injury over 

time. Understanding femoral mechanics is fundamental for assessing and treating 

gait disorders. 

 

1.2 Clinical gait analysis 

Walking is one of the most essential activities in daily routine. Although, the 

gait seems a simple process, it is, indeed, a very intricate one. It requires flawless 

collaboration of many systems of the human organism, such as the nervous 

system, parts of the musculoskeletal system and the cardiorespitory system. Gait 

pattern could be vigorously affected by person’s age [2], personality and mood and 

also by sociocultural factors; for example, people in cities tend to walk faster than 

those in countryside.        

 Clinical gait analysis is the methodical study of human walking, normally used 

for the estimation and treatment of conditions affecting human gait. It is an 

interdisciplinary tool, as it combines biomechanics, clinical observation and 

medical evaluation and it is primarily used to diagnose gait abnormalities, plan 

treatments and monitor the implemented interventions over time. The clinical 

scrutiny of gait issues a quick summary of the operation of the mechanisms that 

participate in walking. Firstly, it is of major importance to observe the person 

walking, from all sides and the patient, if it’s possible, should walk a, relatively, long 

distance with no clothes and shoes. Secondly, a neurological evaluation should 

come as the next step after the clinical examination of gait. [3]   

 The problems detected through gait analysis correspond to a wide spectrum of 

gait disorders. A clinoanatomical classification differentiates the gait disorders as 

follows: musculoskeletal disorders, neuromuscular and myelopathic disorders and 

brain and spinal disorders. The first type, musculoskeletal, is of orthopedic nature 

and includes irregularities such as antalgic or coxalgic gait, knee hyperextension 

gait and other limping gaits. The middle one, neuromuscular, is caused by 

malfunctions on the peripheral neurological system and encompasses problems 

such as waddling gait, steppage gait and neurogenic-intermittent claudication. The 

last but not least type, brain and spinal disorders, includes difficulties such as 
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cautious or spastic gait, parkinsonian gait, sensory ataxic gait and many other that 

are far beyond the limits of the present study. [3]     

 

 

Fig. 3 Portrayal of gait patterns. a normal gait b spastic gait c ataxic gait  
d parkinsonian gait e frontal gait [3] 

 

 The gait cycle refers to the sequence of movements that occur during walking 

or running, from the moment one foot touches the ground to the moment the 

same foot touches the ground again. It is a fundamental concept in clinical gait 

analysis and in biomechanics, helping professionals analyze walking patterns, 

mainly for rehabilitation, treatment or performance purposes. The gait cycle 

comprises two phases: the stance phase and the swing phase.    

 The stance phase is approximately 60% of the gait cycle and is the phase that 

the foot is in contact with the ground. It is divided into 5 components: the initial 

contact (heel strike), loading response, midstance, terminal stance and pre-swing 

(toe-off). The initial contact is just after the heel touches the ground. Loading 

response is the moment the body weight is transferred onto the leg and midstance 

is when the body passes over the supporting foot. Terminal stance is just as the 

heel lifts off the ground and the body moves forward. Pre-swing is the moment the 

toes push off the ground and ends the stance phase.     

 The swing phase is about the remaining 40% of the gait cycle and is the phase 

that the foot is in the air and moving forward. It is divided into 3 components: 
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initial swing, mid-swing and terminal swing. Initial swing is just after the foot leaves 

the ground and begins to move forward. Mid-swing is the stage where the leg 

continues moving forward, with the foot clearing the ground. Terminal swing is the 

moment the heel strikes the ground and the swing phase is terminated. Other 

parameters involved in the gait cycle are the step length, the stride length, the 

cadence and the walking speed. [3] 

 

 

Fig. 4 Analytical depiction of the gait cycle. [4] 

 

Bone remodeling was, initially, described from Julius Wolff. Wolff’s Law states 

that bone adapts to the mechanical stresses in which it is subjected. Bone will 

remodel itself over time to become stronger in response to the increase of 

mechanical forces or weaker in response to the decrease of the loads it 

experiences. Wolff’s Law points out that the bone structure is not only genetically 

predetermined but also shaped by function and use. [5]    

 The femoral bone is a pivotal notion in clinical gait analysis as far as it is 

concerned about the study of bone adaptation under loading conditions in the 

human body. The femur under the physiological system of loads ought to be 

simulated in order to investigate the aforementioned bone remodeling, not only 

for the bone itself but also as a phenomenon caused by the induction of implants. 

The most appropriate activity for studying this concept is walking.   

 The gait cycle is repeated multiple times a day and 10-100 times more often 

than any other repetitive activity that generates equal or larger loads in the human 
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femur. So, it is safe to assume that the peak forces occurring during walking to be 

representative of the loading driving bone remodeling in the femoral bone.  The 

instance of the gait cycle that will be simulated is just after the initial contact (in 

the loading response phase) when the other foot has just entered the pre-swing 

phase. A scheme of the selected system of loads to be simulated could be seen in 

Fig.19 in Chapter 4.2.3 [6] 

 

1.3 Mechanics of Deformable Bodies 

 Mechanics of Deformable Bodies is the science that indicates analytical 

methods for the calculation of the stiffness, strength and stability of the 

components of structures. It is a field that deals, mainly, with the behavior of 

materials and structures that can deform when subjected to forces, pressures or 

thermal changes. Mechanics of Deformable Bodies is concerned with the 

comprehension how solid objects respond to loads, as they change size or shape 

under the effect of external forces. The scope of this field is to investigate methods 

that make materials and structures capable of withstanding deformations without 

a failure. Key concepts in the Mechanics of Deformable Bodies are stress σ and 

strain ε.   

 

1.3.1 Stress and the Stress tensor 

 Stress σ (at a point L) is defined as the vector that expresses the density of 

internal forces per unit area at point L and it is a fundamental quantity. Stress is 

obtained by the following formula: 

𝛔n = lim
ΔΑ→0

ΔFn

ΔΑ
 

where 𝛥𝐹𝑛 is the infinitesimal force acting on an infinitesimal surface  𝛥𝛢, 𝛥𝛢 is 

the area of the aforementioned surface and n is the normal vector to the surface. 

Stress causes strain in the material, which can be reversible (elastic) or permanent 

(plastic). Unit of measurement of stress in S.I. is Pa (Pascal), where 1 Pa=1 Newton 

per square meter. [7]        

 Consider the infinitesimal cuboid with dimensions dx, dy and dz, respectively, 

with respect to the Cartesian right-handed reference frame Oxyz and a point L as 

intersection point of the three faces of the cuboid that are tangent to the axes 

(planes Oxy, Oxz, Oyz).  There are stresses acting on each face of the cuboid and, 

specifically, on these three faces of the cuboid. If we analyze each one of them into 

their components we obtain a tensor, called the Cauchy Stress tensor. The stress 

tensor S is given by:    
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[S] = [

σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

] = [

σxx τxy τxz

τyx σyy τyz

τzx τzy σzz

] 

 

where 𝜎𝑥𝑥 , 𝜎𝑦𝑦 , 𝜎𝑧𝑧 are the normal stresses acting on the faces of the cuboid 

with normal vector parallel to the semi axes Ox, Oy and Oz, respectively.  The shear 

stresses are 𝜏𝑥𝑦 = 𝜏𝑦𝑥, 𝜏𝑦𝑧 = 𝜏𝑧𝑦 and 𝜏𝑥𝑧 = 𝜏𝑧𝑥 . The aforementioned equalities 

arise from the symmetry of the stress tensor. The first line of [S] are the stresses 

acting on the face with area dy∙dz perpendicular to Ox. The second line of [S] are 

the stresses acting on the face with area dx∙dz perpendicular to Oy and the third 

line of [S] are the stresses acting on the face with area dx∙dy perpendicular to Oz. 

  

 

 

Fig. 5 a. Geometry of the cuboid b. The developing stresses [7] 
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 If we substitute x,y,z for 1,2,3, respectively, the stress tensor is: 

 

[S] = [

σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

] 

 

 The stress at any given point L is obtained by the following formula, which 

calculates the traction vector T: 

 

𝐓 = [S]T ∙ 𝐧 

 

where  [𝑆]𝑇  is the transpose of the stress tensor [S] and n is the normal unit vector 

to the surface including the point L. [7] 

 

1.3.2 Principal stresses 

There are certain planes where only normal stress acts and shear stress is zero 

(when normal stress is parallel to the normal, to the surface, unit vector n). These 

specific planes are called principal planes and the normal stresses acting on these 

planes are called principal stresses. The direction of the unit vector n, which is 

perpendicular to a principal plane is called principal direction.  The principal 

stresses are of major importance because they are invariant under coordinate 

transformations, i.e. they remain constant under rotation of the coordinate 

system. To find the principal stresses, the process is essentially solving for the 

eigenvalues of the stress tensor [S].  The eigenvalues σ must satisfy the 

characteristic equation:  

det(S − σΙ) = 0 

where [S] is the stress tensor and I is the unitary tensor.     

This leads to a homogeneous system of three equations with the three 

direction cosines as unknowns and in order to achieve a non-trivial solution it must 

be:    

|

σ11 − σ σ12 σ13

σ21 σ22 − σ σ23

σ31 σ32 σ33 − σ
| = 0 

 

which leads to σ3-I1σ2+I2σ-I3=0 (1),  

 

where I1, I2 and I3 are the stress invariants and 
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I1=tr(S), 

I2=σ11σ22+ σ33σ22+ σ33σ11-σ12
2-σ13

2-σ23
2 and 

I3=det(S) 

The solution of equation (1) yields the principal stresses σ1, σ2, σ3. 

So, the stress tensor [S] is transformed to the new stress tensor: 

 

[S′] = [

σ1 0 0
0 σ2 0
0 0 σ3

] 

 

where σ1≥ σ2≥ σ3 are the principal stresses. The σ1 is, usually, the major principal 

stress, σ2 the intermediate stress and σ3 the minimum stress. Principal stresses 

occur along principal directions, where shear stress is zero. [7] These directions are 

critical in understanding how materials deform or crack.  Principal stresses depict, 

clearly, the worst-case internal forces the material experiences and are used for 

the determination of safe stress limits in order to ensure that structures will bear 

the imposed loads with safety and without collapsing.   

 

1.3.3 The von Mises stress 

The equivalent von Mises stress, often denoted as σeq or σvM, is a scalar 

quantity derived from the components of the stress tensor analyzed in the chapter 

2.3.1. It demonstrates an equivalent stress that would cause yielding in a material, 

assuming the material follows the von Mises criterion. The von Mises stress is of 

the utmost importance because it reduces the complex three-dimensional stress 

state into a single value that is possible to compare with the material’s yield 

strength.   

The equivalent von Mises stress is given by the following formula: 

 

σeq = √
1

2
[(σxx − σyy)

2
+ (σyy − σzz)

2
+ (σzz − σxx)2 + 6(τxy

2 + τxz
2 + τyz

2 )] (2) 

 

And with respect to principal system (2) yields: 

 

σeq = √
1

2
[(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2]  
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It is impossible to provide a theoretical proof for the validation of the von Mises 

criterion.  Experimental data, only, confirm that it, sufficiently, describes the 

response of the observed material. [8] 

 

1.3.4 Strain and the Strain tensor 

Strain is the change in shape or size of a body relative to its initial shape or size 

due to the effect of external forces. In essence, strain is a measure of deformation 

representing the displacement between particles in a material. It describes how 

much a material stretches, compresses, twists or shears under an applied force.

 Normal strain ε at a point is a dimensionless quantity that occurs due to axial 

loading and is obtained by the following formula: 

 

ε =
δ

L
 

 

where δ is the change in length and L is the original length. Shear strain γ is a 

measure of angular distortion between two lines originally at right angles. Shear 

strain γ is obtained by the formula: γ=tan(θ), where θ is the angle and for small 

angles γ≈θ. Strain can be elastic or plastic and for small deformations linear 

assumptions hold, but for large deformations nonlinear theories are used.  

 In 3D bodies, strain is often described using a strain tensor, which captures 

deformation in multiple directions. The strain tensor describes how a material 

body deforms under stress. It quantifies the relative displacement of points in a 

body and provides information about stretching, compression and shearing. The 

strain tensor is a second-order tensor that is given by: 

 

[E] = εij =
1

2
(

∂ui

∂xj
+

∂uj

∂xi
) 

 

where εij are the components of the strain tensor [E], ui are the components of the 

displacement vector δ and xj are the spatial coordinates. In 3D, the strain tensor 

has 6 independent components: εxx, εyy, εzz (normal strains) that represent 

elongation or compression in the x, y, z directions and εxy, εyz, εxz (shear strains) 

that represent angular distortion. The generalized Hooke’s law is the constitutive 

relation that connects stress and strain in a linear elastic material. It generalizes 

the simple 1D Hooke’s law (stress = modulus × strain) to 3D materials and accounts 

for all the components of stress and strain tensors. It is given in tensorial notation 
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by the following formula: σij=Cijklεkl, where σij, εkl are the stress and strain 

components, respectively and Cijkl is a fourth-order tensor (34 components) and 

called stiffness tensor. For isotropic linear elastic materials, the stiffness tensor is 

simplified in a 6×6 stiffness matrix.      

 The Strain tensor and the generalized Hooke’s law are of fundamental 

importance in the Mechanics of Deformable Bodies, but are beyond the limits of 

analysis of the present study and will not be developed further in the present 

Thesis.          

 Poisson’s ratio quantifies the following effect: when a material is subjected to 

axial tension, it not only elongates in the direction of the force, but also contracts 

in the perpendicular directions. It is obtained by the following formula: 

𝜈 = −
𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙

𝜀𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙
 

where ν is the Poisson’s ratio, εlateral is the strain in the direction perpendicular to 

the applied load and εlongitudinal is the strain in the direction of the applied load. The 

negative sign on the formula is because, usually, εlateral is negative. Poisson’s ratio 

is used, mainly, in structural analysis, material selection and finite modeling. 

Young’s modulus E is a fundamental material property that measures a material’s 

stiffness. The Young’s modulus and the Poisson’s ratio are characteristic of the 

material. [7] 

 

1.4 The Finite Element Method 

The Finite Element Method (FEM) is a numerical process for the solution of 

complex problems in engineering and mathematical physics. The basic notion 

behind FEM is to divide a large, complex structure into smaller and simpler parts 

called finite elements. The aforementioned elements are simple geometric shapes 

like triangles, rectangles, tetrahedrons or hexahedrons and the set of all elements 

filling the structure is called mesh. The vertices of that simple shapes are the so-

called nodes. In essence, every problem is expressed through a mathematical 

model and some algebraic equations, the solution of which is called finite element 

solution. The FEM cannot be implemented without computers and has to be 

effective as about the computational cost and generally applicable. [9]  

 The steps of implementation of the Finite Element Method, also known as 

Finite Element Analysis (FEA), are condensed as follows: The first step is the 

insertion of data about geometry of the structure, material properties and 

information about loading and support conditions. The second step is the choice 

of the element type and the discretization of the structure, i.e. the formulation of 

the mesh. As a third step comes the evaluation of the individual stiffness matrices 
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ke and the assembly of the global stiffness matrix for the structure [K]. Next in order 

is applying boundary conditions and solving the system f=[K]δ, in terms of δ,  

(δ=[Κ]-1f), where f is the force vector, [K] is the global stiffness matrix and δ is the 

displacement vector. This procedure is completed with the execution of a solution 

program, the solver. The solver computes strains by solving the system ε=[Β]∙δ, 

where ε is the strain vector, δ is the nodal displacements vector and [B] is the 

strain-displacement matrix. Then, the solver applies the generalized Hooke’s law 

to calculate the stresses. The assembled system of equations is, usually, solved 

using numerical methods (iterative or direct solvers). After the calculation of 

stresses and displacements is the questioning of the results. Last action is 

refinement of the mesh and re-running the analysis, if it’s requisite. The 

verification of the results is of crucial importance because it validates the whole 

process. [10] 

 

Fig. 6 Numbering of nodes for the discretization of thin plate into linear tetrahedra. [10] 

Once the solution is obtained, it is necessary to interpret the results and, in this 

direction, plotting displacements, stress distribution and temperature gradients 

might be involved. This interpretation of the results is essential for engineers and 

scientists to comprehend how the system behaves under the applied conditions. 

 

1.5 Assumptions  

A Finite Element Analysis for a femoral bone model, which is the main objective 

of the present study, requires several assumptions to make the problem 

computationally feasible and interpretable. These assumptions play an important 

role in the achievement of accuracy and applicability of the results. The main 

assumptions made during the present study make considerations about geometry, 

material properties, loading and boundary conditions, contact and biological 

processes.          

 The complex anatomy of the femur was necessary to be simplified in favor of 

reducing computational effort. The simplification of geometry was performed by 

smoothing the surfaces to a degree that does not alter the result. Also, the 
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trabecular bone microstructure was excluded, for the same purpose. In this study, 

which focuses on large-scale bone behavior and the main interest is in the bone’s 

overall strength and not local interactions, the Young’s modulus of trabecular bone 

was neglected.            

 As a consequence of the aforementioned neglection of trabecular bone 

microstructure, bone was considered homogeneous, even though real bone is 

heterogeneous. The Young’s Modulus considered constant and not for that reason 

bone density was neglected, too. The hypothesis of isotropic and linear elastic 

behavior was implemented for simplification purposes. [11], [12] It is known that 

bones exhibit anisotropic, non-linear and time dependent behavior. Static loading 

was assumed though real and physiological load is dynamic and cyclic. Certain 

areas were rigidly fixed (distal end) and loads were applied based on hip contact 

forces during gait cycle. [6] No interaction phenomena were considered during the 

simulation. Biological processes such as healing or age-related bone degeneration 

were not modelled. Temperature and hydration effects were neglected.  

 Each assumption was critically evaluated for the specific study in a manner that 

ensures that the model outputs are meaningful and robust. Shall we reminisce that 

one of the main purposes of this study is femoral bone fracture prediction.     

 

2. The model 
Generation of a 3D model through data obtained from Computed Tomography 

(CT) scans seems a rational next step, given the fact that is impossible to perform 

experimental procedures in a living human’s femoral bone. The other alternative, 

from the scope of biomechanics of the musculoskeletal system, is the creation of 

cadaveric bone specimens for conducting experimental tests, which is beyond the 

limits of the present study.  

 

2.1 Acquisition of the CT-scans 

In this direction, the New Mexico Decedent Image Database (NMDID) of the 

University of New Mexico, USA, was the obvious option. NMDID is one of the 

world’s largest databases of cadaveric human CT scans. It comprises, 

approximately, 150,000,000 images and over 50 terabytes of CT data. NMDID’s 

dataset includes whole body CT scans over 15,000 New Mexicans who passed away 

between 2010 and 2017 and about 10,000 images for each decedent. It, also, 

includes normal and thin slice reconstructions for bones and a metadata set 

containing almost 60 variables about decedent’s statistics such as life and death 

information, demographics etc.         
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 NMDID has a specific mode of operation. Initially, a request for the creation of 

an account is needed. For this purpose, an email address from a university or other 

research institute is required. After approval of the aforementioned request, an 

account is created and with the account login begins the research. The basic search 

is organized in two levels.        

 The first level is searching the metadata and choosing the variables that meet 

the researcher’s specific criteria. There are filters for limitation of the search. Once 

this initial investigation comes to end, the researcher can view the summary of the 

selections. Afterwards, comes the examination of the records of the metadata 

chosen. Each record is accompanied with scout images, for having an overview of 

each decedent. The final choices are placed into a digital cart.    

 The second level is the selection of individual’s images that researcher wishes 

to receive. Individual is called a decedent accompanied with data and metadata. 

An application form is mandatory to be filled, accompanied with a justified report 

describing inclusion or exclusion criteria, plans of the upcoming research, expected 

results, potential benefits etc.       

 After submission, the application form is sent to NMDID’s scientific committee 

and approval is pending. Finally, if this last request has been approved, an email 

describing how to have access in the data you have requested will be sent. [13] 

  

2.1.1 Data 

On the 4th of December 2024 an online account was approved, allowing further 

research. There were chosen four individuals (two males and two females), after 

thorough investigation. On the 9th of December 2024, an email informed the 

author of this study that the NMDID’s scientific committee had approved his 

reasonable and well-documented report that was submitted. In this email, there 

was all the necessary information to download the data.  

 

2.1.2 Metadata  

The case 172338 was selected among the four individuals. The decedent was a 

female, 31 years old, 68 kg living weight and 165.1 cm living height and cadaver 

length and weight, 168cm and 68.4 kg, respectively. She lived as a married woman 

and had no decomposition score, when found. The decedent had no history of 

substance use, or alcoholism and, also, no history of smoking or strenuous lifting 

(which is exhausting for the skeletal system). Furthermore, she had normal diet, 

her educational level was of associate degree and had been working as a Health 

Associate Professional. She was in good health, while living, and had no medical 

history. Moreover, she had no chromosomal abnormalities. The only worth 

mentioning fact is that she had been exposed to two carcinogen factors. Her death 
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was of natural-specify cause.        

 The reason of case 172338 selection was due to the low possibility of poor 

bone condition. The decedent had no history of bone-related diseases and no 

injuries to the bones. Additionally, there was no history of medication related to 

the skeletal system so, there was evidence supporting that the femoral bones 

would be, as more as possible, intact.       

 The received DICOM files supported this hypothesis, too. The CT scans 

visualized, succinctly, two femurs with no kind of pathogenesis; this finding was, 

initially, seen in the scout images. Cortical and trabecular bone were, plainly, 

discriminated all along the femoral bone. There was a clear depiction of the femur 

in all the received images .        

 In conclusion, the case 172338 was, undoubtfully, the optimal choice for 

modelling the femoral bone. The other three cases were requested for comparison 

purposes. Although, they seemed almost as adequate as case 172338, there was a 

metadata variable that reached out to an extreme value (e.g. too much height, too 

much weight or underweight, cause of death, medication, disease) that could, 

maybe, affect the structure of the femur and this was a reason for exclusion. Left 

femoral bone of the individual was selected for the procedure.   

 

 

2.2 Image Computing Platform and construction of the 

model 

2.2.1 Management of the received DICOM files 

The DICOM files were downloaded, immediately after the approval email has 

been sent by the NMDID, following the instructions included therein. There was a 

ZIP archive folder for each case. After unzipping, two kinds of folders displayed on 

the screen: one including the scout images and the other including the CT scans. 

The second of the aforementioned folders included standard and thin bone 

reconstructions. It was chosen the thin bone reconstruction for the left femoral 

bone, because it represented, more clearly, the femur and it was crucial for the 

creation of the upcoming 3D model.  

 

2.2.2 Image Computing Platform 

3D Slicer is a free open-source software suite designed for medical image 

analysis, DICOM files viewing and 3D model creation. It provides users the ability 

to perform tasks like 3D rendering, segmentation and image analyses and to work 

with, almost, all types of medical imaging data, such as MRI, CT scans and 
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ultrasound. 3D Slicer is equivalent to a radiology workstation that braces versatile 

visualizations and, furthermore, it exhibits state-of-the-art functionality as it has a 

broad range of built-in modules for different purposes. [14]    

 Moreover, it provides a substantial spectrum of useful features. First of all, it 

supports various types of file formats, like DICOM, NIfTI and many others. 

Secondly, it allows users (in the segmentation module) to isolate and label different 

regions, such as blood vessels, bones, organs and tumors in medical images.  

 

 

Fig. 7 The advanced "architecture" of 3D Slicer software package, 
 that enhances its unique capabilities. [14] 

 

3D model rendering is an advanced ability, as far as surgery planning, 

educational or research purposes are concerned. It’s often used in presurgical 

planning in order to visualize patients’ anatomy in three dimensions, assisting 

doctors to take more informed decisions. Also, 3D Slicer has a variety of tools for 

measuring and analyzing medical images, such as volume calculations and image 

registration. Visualizing images from different time points is quite an impressive 

feature. Last but not least, it is customizable; that means it allows users to add 

plugins and extensions or even write their own scripts in Python.   

 Conclusively, 3D Slicer is widely used in medical research, biomechanics and by 

professionals in the fields of radiology, neurology, oncology and many other. It is 

one of most popular image computing platforms and its trademark is that it is free 

and cross-platform. 3D Slicer version 5.8.1 was used for this study (already, at the 

time of writing this thesis, a preview of version 5.9 has been released). 

 

2.2.3 From CT scans to segmentation 

After the CT scans had been acquired and 3D Slicer software had been properly 

installed, it was about time to begin creating the model. Once clicking on the 3D 

Slicer shortcut icon on the desktop, the screen divided into four windows and a 
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control panel, and all together appear as home screen. The three windows 

represented different view modes of the CT scans:  R stands for scanning in the 

axial plane, G in the coronal plane, Y in the sagittal plane. The R, G, Y letters stand 

for red, yellow and green, respectively, because the corresponding windows are of 

that color. The remaining one is for the representation of the 3D model. 

  

  

Fig. 8 View of the home screen of 3D Slicer. 

 

By choosing the Add DICOM data from the module selector, 3D Slicer opens a 

new window (of the DICOM database), where DICOM files can be imported to the 

database. Once the appropriate files were imported, a window appeared as shown 

in the above figure. By selecting case 172338 and the thin bone reconstructions 

referred in the chapter 3.2.1 and pressing the load button, the CT scans were, 

immediately, displayed on screen.      

 One major problem occurred during the procedure of creating the model. The 

sets of CT scans delivered were separated, almost, in middle of the thigh bone. In 

other words, the first set had a highest point in the projecting picture that reached 

up to the middle of the femur, representing half the bone. The second set of CT 

scans had a lowest point in the image, beginning from the middle of the femoral 

bone and depicted, only the proximal end of femur and the upper part of the shaft. 

Either way, that was a major issue and if it had not been addressed, was 

threatening the creation of the 3D model.  The problem must have been due to 

the protocol that NMDID followed, regarding adjustment of the CT scan sets, while 

shooting. The aforementioned protocol itself is absolutely flawless, but the fact 

that the femoral bone is split in two different CT sets, generates a tremendous 

problem in the creation of the model.    
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Fig. 9 The unexpected complication during creation of the model. Above is the bottom half of the femur and 
down is the upper half of the same bone. Notice the fact that they’re in different CT sets. 

 

 

The specific problem was addressed with the installation of an extension 

program called Sandbox. This extension included a module called Stitch Volumes 

and this module was, finally, the treatment of the issue. The Stitch Volumes 

module is used for combining 2D images or DICOM volumes into a single 3D 

dataset. The key feature of this module is that it, automatically, performs aligning 

and merging of data from different orientations, views or image sets in order to 

create a comprehensive 3D model. The users, only, adjust the margins of ROI 

(Region of Interest). Also, it handles overlap, resampling and padding to create a 

complete image. The utility of the Stitch Volumes module is displayed in the 

following images: 
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Fig. 10 The Stitch Volumes add-on (distal femur to the left and proximal to the right) in action  
with ROI markups 

 

 

Fig. 11 The result of Stitch volumes application 

 

 

The merged dataset, after the implementation of Stitch Volumes extension can 

be saved in nrrd (Nearly Raw Raster Data) format, as were all files before the 

creation of the 3D model. 

 

2.2.4 Segmentation and generation of the model 

The slices of the merged dataset of CT scans were, finally, all in one editable 

file, ready for processing. After it was saved in nrrd format, Segment Editor module 

was chosen. [15] By clicking the Add button, two segments were added in the 

control panel. One representing the bone tissue, with beige color, and one 
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representing everything but the bone tissue, with no color.    

 Afterwards, the threshold button was clicked, with a threshold range of 282.69-

2370. Then, Use for Masking button was selected and Edit in 3D Views option was 

checked. It was time to, manually, paint some seeds in order to provide 3D Slicer 

the necessary information about the upcoming femur model. The seeding started 

from the axial plane window and by pressing Shift button on the keyboard and 

moving the cursor 3D Slicer, automatically, adapted the windows of the transverse 

and sagittal views in a way that the three windows displaying exactly the same 

bone area of each plane.  The seeding was implemented manually in the three 

planes in many slices, but not at all. At the end of this initial stage, Grow from Seeds 

was selected from the control panel menu, Initialize and Apply were, consecutively, 

clicked and by clicking the Show 3D button a first, primitive, model was displayed 

the fourth window. Immediately, the filed was saved again in nrrd format, but this 

time a 3D model was included because of the aforementioned procedure. 

 

 

Fig. 12 The two segments, just before ‘’Grow from Seeds’’ operation. 
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Fig. 13 The originative model in 3D Slicer, before further processing. 

There were fragments of acetabulum of the pelvic bone, as well as parts of 

pelvic bone and kneecap blended with the femur originative model. The femoral 

bone is the only bone that is wished to obtain. Choosing the scissors icon in the 

control panel, which is appropriate tool for the removal of the fragments, the 

procedure of subtraction started. It took a while, because it was performed 

manually. Also, it required high levels of focus seeing that the 3D view was the only 

choice available. Processing in the other views leaded to a dead-end, as actions in 

one plane cause mismatches in the others.      

 After inspection in all slices, corrections were made where deemed necessary. 

Then, the model was ready for smoothing process. All the extrusions were 

removed and any existing holes were filled. Subsequently, Gaussian smoothing was 

selected. Gaussian smoothing is a mesh processing technique used to reduce noise 

and smooth intensity variations in volumetric data (such as CT scans). It is 

performed by applying a Gaussian filter, which is a type of low-pass filter that blurs 

the image while preserving the overall structure.     

 At that time, the Hollow feature was selected in the control panel, with the 

selected segment used as outside surface and shell thickness adjusting to 1mm. 

The Hollow feature is used to convert a segmentation into a shell by creating a shell 

of specified thickness around a segmentation.      

 On that occasion, the model was fully inspected one more time. After 

hollowing, the whole model was, manually, redesigned through the CT scans, slice 

by slice. That was a bit time-consuming procedure, but there was no other way. 

Finally, visible segments to models were exported and selected the option export 

to file, specifically, STL (stereolithography) format. The role of 3D Slicer has come 

to an end and the model was, obviously, improved, as indicated in the following 

picture:    
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Fig. 14 The final surface mesh model in 3D Slicer. 

 

The final output of 3D Slicer was a surface mesh model consisted of vertices, 

edges and triangular faces that define shape and surface of the anatomical 

structure (specifically the femoral bone) in three-dimensional space. This mesh 

model was generated by segmentations derived from CT scans. 
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2.3 Editing 

Meshlab is an open-source, cross-platform software tool for processing and 

editing 3D surface meshes. It has been developed at Visual Computing Lab of the 

Instituto di Scienza e Tecnologie dell’Informazione (ISTI) “A.Faedo”, which is a 

member of the Consiglio Nazionale delle Ricerche (CNR), the National Research 

Council of Italy.          

 The processing functions of Meshlab are many and constantly evolving. A 

catalogue and a brief description of Meshlab features are listed as follows.  

 First of all, it supports many formats such as PLY, STL, OFF, 3DS, COLLADA, OBJ, 

X3D, VRML, PTX for importation and PLY, STL, OFF, 3DS, COLLADA, OBJ, X3D, VRML, 

DXF for exportation. As for the mesh cleaning filters, Meshlab provides a plethora 

of useful tools such as removal of unreferenced, duplicated vertices, small isolated 

fragments, null faces, deletion of non-manifold faces and self-intersecting faces, 

automatic closing of holes and, also, normal unification and flipping.   

 As for the remeshing capabilities, it supports edge collapse simplification, 

subdivision of the surfaces, ball pivoting reconstruction of the surface and feature 

preserving smoothing and fairing filters. Moreover, it provides the user colorization 

and inspection filters such as Gaussian and mean curvature, ambient occlusion, 

border edges and geodesic distance from borders.     

 It, has, also, a measuring tool, for exact linear measurements between two 

points of the mesh and a slicing tool, allowing the user to export planar sections of 

a mesh in SVG format. Furthermore, Meshlab supports large rendering for high 

quality printing and provides many 3D scanning tools. It has painting interface for 

smoothing and coloring meshes and it, also, allows the selection and elimination 

of a part of the mesh, even if it is a sizable one. [16]    

 Meshlab is an optimal and efficient tool for anyone working with 3d meshes, 

specifically when dealing with raw, complex or scanned data that needs 

preparation and cleaning. It is widely spread in 3D scanning professionals, in 

researchers, archeologists and in engineers working with mesh-based simulations. 

It is, mainly, popular in the fields of preparation for 3D printing, in scientific 

visualization and analysis and in Cultural Heritage and Digital Preservation. It is, 

also, famous among 3D printing hobbyists and game developers.   

 In conclusion, Meshlab is a lightweight software program that doesn’t require 

any special technical specifications, as far as the CPU speed, storage and memory 

of the available workstation are concerned. In the present study, Meshlab was 

used for the processing and editing the model generated by 3D Slicer. 
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2.3.1 Simplification 

  The STL file, containing the surface mesh model, was imported to the Meshlab 

software. The initial model consisted of 1,090,738 faces and 545,399 vertices. 

Indeed, that is a huge number of vertices and faces for the pc to process, so a 

simplification of the model was essential.     

 Hence, it was selected the Quadric Edge Collapse Decimation method. Quadric 

Edge Collapse Decimation in Meshlab is a mesh simplification algorithm used to 

diminish the number of faces in a 3D surface mesh, while preserving the shape and 

the overall appearance, as much as possible. In essence, this algorithm uses 

quadric error metrics to determine the amount of introduced error of a potential 

collapse. Each vertex has an associated error matrix, the so-called quadric, that 

quantifies how far a point is from the original surface. [17]    

 Quadric Edge Collapse Decimation was applied five times, in total, and the 

options of preserving boundary of the mesh, normal and topology and weighted 

simplification were enabled. These options were enabled for retaining the mesh. 

In the end, the final model was composed of 34,086 faces and 17,047 vertices.  

  

Fig. 15 Posterior view of the initial femur model in Meshlab 
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2.3.2 Cleaning and Repair Process 

The final model was ready for the Cleaning and Repair process. The 

aforementioned process comprised seven stages. At first, the initial three stages 

were about the removal of duplicated faces, duplicated vertices and zero area 

faces. Subsequently, was the repair of non-manifold faces and vertices. As a last 

step, followed the selection and deletion of self-intersecting faces and the removal 

of unreferenced vertices.         

 In addition, the option of closing holes was selected with a given threshold 30 

as the maximum size to be closed. After that, the Cleaning and Repair Process was 

repeated from scratch. Thereafter, the HC Laplacian Smooth option was chosen. 

The HC Laplacian smoothing is a technique for smoothing surface meshes that 

reduces surface noise or irregularities and evades the main drawback of basic 

Laplacian smoothing: shrinkage. HC Laplacian smoothing adds a correction step to 

compensate for this shrinkage by blending the smoothed mesh with the original 

vertex positions. [18] Once again, the Cleaning and Repair Process was repeated. 

 

Fig. 16 The improved model after HC Laplacian smoothing. 
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2.3.3 Production of different element size models 

In terms of optimization, there was more to be implemented in order to further 

improve the model. Isotropic Explicit Remeshing tool was applied.  

 Isotropic Explicit Remeshing is a method for resampling or reconstructing a 3D 

mesh to produce a new mesh, where triangles are, almost, uniform in size and 

shape. The new mesh is of the same topological type as the initial one. The new 

mesh is, often, more suitable for further processing and more convenient in 

simulations. [19]         

 The aforementioned tool was applied with default settings checked and with 

number of iterations set to 10. The main goal was to generate different element 

size models and in this direction the target length parameter was used. Sizes of 

3mm, 2.5mm, 2mm and 1.5mm were given as edge length each time in order to 

construct the desirable models. The significant contribution of Meshlab was 

terminated by the creation of the aforementioned models.   

 

Fig. 17 The difference in the mesh before (top) and after (bottom) the implementation                                                         
of the Isotropic Explicit Remeshing filter. 
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3. Generation of solid bone models and Finite 

Element Analyses 
The penultimate chapter of the present Master Thesis, in addition to the 

Conclusions, is the essence of the entire research process. It is about the Finite 

Element Analysis in four differently sized representations of the femoral bone. 

 

 3.1 CAD software and workstations 

The CAD (Computer-Aided Design) software used for the simulations in this 

study is FreeCAD. The first version of the specific software was released in 2002.

 FreeCAD is a free, open-source and cross-platform parametric 3D modeler that 

allows the user design and manipulate objects of any size.  Parametric modeling 

means easy modification of designs, simply, by changing their parameters. 

Furthermore, FreeCAD is characterized by modular architecture, meaning that it is 

built using a modular system, allowing plug-ins, called Workbenches, to add new 

features. It provides the user the ability to sketch geometry constraint 2D shapes 

and to use them as a base to design 3D objects and has, also, enormous plethora 

of modern Finite Element Analysis tools such as experimental CFD (Computational 

Fluid Dynamics), dedicated BIM (Building Information Modeling), Geodata and 

CAM/CNC (Computer-Aided Manufacturing/ Computer Numerical Control) 

workbenches for supporting, almost, all kinds of simulation.   

 Moreover, FreeCAD supports various file formats such as STL, STEP, IGES, OBJ, 

SVG, DXF and many more. The key feature that makes FreeCAD so exceptional is 

that it is fully customizable, because of full macro recording and scripting 

capabilities using Python. Also, FreeCAD is supported by a strong and growing 

community and it is, continuously, evolving. It is well-suited for mechanical 

engineering design, product design, architecture, simulations, BIM, 3D printing 

and product prototyping. FreeCAD, as well, makes use of external software, 

especially, in the FEM workbench such as Gmsh, Netgen as mesh generators, and 

Calculix, Elmer and other as FEM solvers. The Tree View is a part of the User 

Interface that displays the hierarchical structure of the objects and components in 

a project. In essence, it is a visual representation of model’s history and 

dependencies.          

 In this study, all the simulations ran in FreeCAD 1.0, which is the latest version 

of the software. This version is well-known for its stability and usability. Version 1.0 

introduced topological naming fix, sketcher enhancements, new measure tool and 

materials system, FEM and BIM improvements, Part and PartDesign workbenches 

upgrades and expanded Python abilities. [20]     

 The main workstation used in these simulations was a desktop PC with Intel 
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Core i5 6500 processor at 3.2Ghz processing speed, 16GB RAM, Intel HD Graphics 

530 graphics card and operating system Windows 10 Pro 64. It was, also, used a 

laptop PC with Intel Core i7 Q740 processor at 1.73Ghz processing speed, 8GB 

RAM, NVIDIA GeForce GTX 460M graphics card and Windows 10 64bit operating 

system. The laptop was used for cross-checking the results. 

 

3.2 Finite Element Analysis  

All four CT-derived models underwent, exactly, the same procedure. From now 

on, this procedure will be called a simulation and in the following chapters it will 

be extensively described. Overall, 24 simulations have been executed; 6 

simulations per model. All the simulations that have run, are identical, so the 

implementation framework of one and only simulation is required to, sufficiently, 

describe them all. For that reason, whenever it is referred the term model in the 

following chapters, it will indicate one of the four different-sized models.  

 The problem is to find a convergent solution in femoral bone Finite Element 

Analysis in order to obtain the displacements and distribution of von Mises and 

principal stresses. This saturated solution will provide a reliable and accurate 

assessment of femur’s overall strength.    

 

3.2.1 Procedure of conversion to solid 

  At first, the model was imported to FreeCAD. The Mesh Workbench was 

selected from the Workbench panel and some important checks about the mesh 

were performed in order to execute the upcoming simulation without issues. 

 These checks included information about the orientation of normal vectors, 

the existence or not of non-manifolds or duplicated faces and points, the presence 

of degenerated faces or invalid indices and self-intersecting faces. There was a 

repair capability, if one or more of the above checks found out a malfunction. After 

that, there was performed one last check if the mesh meets the requirements to 

be a solid.         

 Furthermore, all normals were harmonized. The harmonize normals option 

refers to an operation ensuring that all face normals on a surface or a solid are 

consistently oriented, typically pointing in the same direction, either all inward or 

all outward. Subsequently, the Part Workbench was selected and Create Shape 

from Mesh was chosen from the Part tab, with Sew Shape enabled and tolerance 

for sewing shape set at 0.1. Then, Convert to Solid was selected from the Part tab 

and from now on, a solid is created by the mesh obtained from the CT scans. From 

the start of the procedure the main goal was the generation of a solid body, 
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because a solid can be a specific material subjected to loads and experience 

deformation; a surface mesh cannot. 

 

Fig. 18 The obtained solid for the 3mm element size. To the left of the image (in the Tree View) there are 3 files: 
the first one is the mesh model, the second is the shape created from mesh and the third one is the solid. 

 

3.2.2 Material Properties 

The FEM Workbench was selected from the Workbench panel and an Analysis 

Container was opened. Meanwhile, the visibility in the 2 of the 3 objects in the 

Tree View was turned off for avoiding confusion. The Material for Solid icon was 

clicked, then, and a new panel was opened. From this panel, bone’s mechanical 

properties were adjusted. The Young’s modulus was set at 17.6 GPa [21] and the 

Poisson’s ratio was set at 0.31. [22] In general, bone is anisotropic and loading in 

different directions may lead to different Poisson’s ratios. Afterwards, in the 

Geometry Reference Selector there were two choices: Face, Edge or Solid. Solid 

was selected and a click on a face of the femur model was enough to assign the 

material properties to the model. 

 

3.2.3 Boundary Conditions 

As referred previously to the chapter 2.2, the peak forces in which the femoral 

bone is subjected during the gait cycle were about to be simulated. The imposition 

of loads is not, just, a random event, but arises from well-documented data. The 

aim is to perform a physiological, as far as possible, simulation of the selected 

phase of gait. [6] The system of loads that is about to be simulated is represented, 

accurately, in the following scheme: 
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Fig. 19 Schematic representation of the system of the loads imposed to the left femoral bone. [6] 

 

Two forces acting on the proximal end of the femoral bone in the selected 

phase of the gait cycle. A hip force of magnitude 2.47BW (Body Weight) is imposed, 

almost, to the center of the femoral head and at 29o to the shaft of the femur and 

at 18o to the vertical axis. The action of the aforementioned load is compressive. 

At the same time, an abducting force of magnitude 1.55BW is imposed to the top 

of the greater trochanter and at 40o to the shaft and at 290 to the vertical axis. The 

action of this load is tensile. As for the distal end of the femur, it is constrained 

from the lowest point of the femur up to 70mm height in the z-axis, with respect 

to a global coordinate system. The magnitude and the direction of the hip force 

and the abducting force are such as to balance the resultant force applied about 

the height of the pelvis.        

 The reference system is always a controversial topic among the scientists, 

because there is no obvious landmark in the bone to define reference axes, 

adequately. In the present study was adopted the reference system, where the 

axes are aligned with the center of the section of two, clearly, defined planes of 

femur’s diaphysis. [6]         

 Boundary conditions in a FEM model define how the simulated structure 

interacts with its surroundings, constraining its behavior and ensuring a realistic 

simulation.  Two constraint forces and a fixed constraint were applied to the model, 

in correspondence with the aforementioned system of loads. In FreeCAD, a 

specially designed Python script was developed to identify faces from the bottom 
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of the femur to 70mm height of the z axis and apply fixed constraint to them. The 

script was stored in a macro list, after it was written in the Editor, and the specific 

macro was executed, applying, massively, the fixed constraint to the distal femur. 

The constraint forces were applied, manually, to some of the bone faces and 

magnitude and direction of the forces were, properly, set. Given the fact that the 

individual’s mass is m=68kg and the acceleration of gravity is g=9.81m/s2, the 

magnitudes of the BW and the two constraint forces were calculated as follows:  

• BW = m×g = 667.08 N 

• HIP_FORCE = 2.47×BW = 1647.688 N 

• ABDUCTING_FORCE = 1.55×BW = 1033.974 N  

The setup of the boundary conditions has ended and it is depicted in the figure 

below: 

 

 

Fig. 20 Applied boundary conditions in the 3mm model. 
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3.2.4 Mesh 

FreeCAD has the ability to make use of external programs for specific 

operations that it cannot implement itself. One of operations is the mesh 

generation. Another one is the solver, which will be further analyzed in the next 

chapter. FreeCAD supports two mesh generators: Gmsh and Netgen. In the present 

study Gmsh was used.         

 Gmsh is a finite element mesh generator with built-in preprocessing and 

postprocessing abilities. [23] FreeCAD’s FEM workbench can use Gmsh as mesh 

generator to convert a geometry, such as a surface 2D mesh, into a solid 3D mesh. 

The generated mesh is, then, used for FEA simulations. Gmsh is exceptional in 

creating unstructured meshes, including tetrahedral elements, which are often 

used for complex geometries, such as those of bones. It supports 1D,2D, or 3D 

meshing and allows refinement and customization of mesh parameters. The mesh 

generated by Gmsh in FreeCAD is fed into solvers, such as Calculix, for structural 

analysis.           

 In this thesis, Gmsh was selected as a meshing tool in FreeCAD and in the Tasks 

panel the following parameters were adjusted: Element Dimension, Max Element 

Size, Min Element Size and Element Order (1st or 2nd corresponding to linear or 

quadratic). Users can, also, control refinement zones and volume meshing 

strategies but in this case, there was no need to be done something like this. There 

were performed 24 simulations divided into 4 groups of different-sized surface 

models. While FreeCAD provides a GUI-driven approach, Gmsh can also be used 

standalone or via scripts, using .geo formats.  

 

 

           Fig. 21 A mesh of max 1.5mm and min 0.5 element size generated by Gmsh in the surface model of 3mm. 
View of the femoral head. 
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3.2.5 Solver 

The solver used in all the simulations was CalculiX, which is FreeCAD’s default 

solver. Freecad has, also, other three solvers: Elmer, Mystran and Z88. CalculiX is a 

package used to perform structural simulations and to solve field problems. [24], 

[25] It is, also, open-source solver, capable of solving problems involving Linear or 

Nonlinear Stress Analysis, Modal Analysis or Thermal Analysis.    

 CalculiX runs as a backend solver. FreeCAD prepares the input data (geometry, 

material properties, boundary conditions), writes an input file (.inp file), runs 

CAlculiX, CalculiX solves the equations and writes the results to files (usually .frd 

files or .dat files). It, also, provides the user with two options: either write the input 

file, initially, and then solve the system or run solver calculations and, directly, 

obtain the solution. All 24 simulations in FreeCAD were performed with the use of 

CalculiX. 

 

 

Fig. 22 von Mises stress contours at the 3mm model - the red area representing the maximum von Mises stress at 
68.7 MPa 

 

3.3 Post -processing 

It’s time to move on with some definitions. A mesh dependency study is a 

process in numerical simulations, such as FEA, used to verify that the results are 

not, significantly, affected by the element size of mesh. It involves running 

simulations with increasingly finer meshes and comparing key output values to 

determine if the solution has converged. This ensures the results are reliable, 

accurate and independent of the mesh resolution. A mesh element type sensitivity 

analysis is a procedure in numerical simulations used to evaluate whether the 

results depend on the shape or formulation of mesh elements.    
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 The meshes in STL files produced by 3D Slicer and edited in Meshlab consisted 

of triangles (by default), so a mesh dependency study is more convenient and 

reliable than an element type sensitivity analysis. For that reason, a mesh 

dependency study was chosen to be implemented.    

 Six different simulations were performed per model. In total, 24 simulations 

were performed. The threshold intervals defined for each simulation, are shown in 

the table below:    

Table 1 The threshold intervals for each simulation 

 

The determination of the interval limits implemented by keeping in mind that the 

material was of bone tissue consistence.      

 The post-processing stage is crucial for the whole FEA and important in terms 

of drawing conclusions. Though its participation in the whole procedure (meaning 

in percentage of time) is not that long, post-processing maintains a lead role in the 

specific procedure. It is the stage that decisions are made about the end of process 

or rerun the whole analysis and the threshold intervals for each simulation are 

determined. Moreover, in this phase it is decided if further refinements of the 

mesh required to take place, as well. Also, it is the moment where the verification 

and the validation of the results occur.    

 

3.3.1 Validation of the results 

In order to obtain validated results, a convergent solution is required. A mesh 

dependency study was performed. The implementation strategy for the mesh 

dependency study was to, gradually, refine mesh by reducing element size by 25-

50% (on each mesh level) until obtaining a mesh independent solution. The 

material and the boundary conditions were identical for all the simulations.  

 Specifically, the variables of interest were the von Mises stress, the Principal 

Stresses and the displacements. A mesh is considered converged, when the 

difference in the results is lesser than 5-10% between refinements. [26] Practically, 

convergence is confirmed by plotting (e.g. number of elements-displacements, 

number of nodes-von Mises stress etc.).       

 Also, it is worth mentioning that the results are the same in the early stages of 

a mesh dependency study, because the finite element mesh size is greater than 

Mesh Level Max Element Size Min Element Size
Coarse 10mm 3mm

Coarse 5mm 1.5mm

Medium 3.5mm 1mm

Fine 2.5mm 0.7mm

Very Fine 1.5mm 0.5mm

Very Fine 1mm 0.3mm
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the STL resolution (size of the surface mesh element) and no new geometrical 

detail is added to the mesh. Once the mesh size approaches the STL resolution, the 

mesher (Gmsh) begins to resolve more of the STL’s surface variation. From that 

moment on, stress concentrations and local phenomena begin to appear more 

accurately and the results start to diverge from the coarser ones. When FEM mesh 

elements are smaller than the STL triangles, the mesh starts adapting more 

precisely to the faceted nature of the STL. More geometry is captured and small 

holes or ridges, local curvatures and sharp features become visible. Thus, FEM 

results begin to reflect the true shape and complexity of the femoral bone.  

 Conclusively, once convergence is achieved, the results are considered 

validated.    

 

 
 

 

Fig. 23 a. Surface model of 3mm and b. 3D mesh of 1.5mm max and 0.5mm min element size. It is obvious in the 
second picture that the solid mesh starts adapting more precisely to the faceted nature of the surface mesh. 
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4. Results 
In the present Master Thesis, Computed Tomography data of the femoral bone 

were received. A 3D surface model was derived from these CT scans, through the 

aid of 3D Slicer. The model’s mesh was edited in Meshlab and four STL files were 

produced using the initial surface mesh as generator. Each STL file was a different-

sized version of the same model. As a next step, a Finite Element Analysis was 

performed in FreeCAD for each model. In total, twenty-four simulations were 

performed.     

  

Four groups of FEM simulations were executed, where each one corresponded 

to a different size of the mesh. A mesh dependency study was implemented and a 

validated result was searched through 3mm, 2.5mm, 2mm and 1.5mm element 

size. First order elements were chosen in order to reduce computational cost, as it 

was considered that for the specific study had the adequate level of accuracy. The 

results are summarized in the following tables. The first three tables are those that 

represent just plain simulations. The mechanical response of the femoral bone 

under the peak loading during the gait cycle, according to the implemented 

simulations, is documented in the table with blue notation; actually, it is the one 

with the convergent solution. 

 

 

• 3mm 

Table 2 The 3mm model FEA results 

Surface 
model 
element 
size 
(mm) 

max 
element 
size 
(mm) 

min 
element 
size 
(mm) 

max 
displacement 
(mm) 

von 
Mises 
stress 
(MPa) 

max 
Principal 
stress 
(MPa) 

  10 3 8.34 46.94 33.27 

  5 1.5 8.34 46.94 31.05 

3 3.5 1 8.41 47.69 34.03 

  2.5 0.7 8.7 59.51 39.36 

  1.5 0.5 8.81 68.7 44.79 

  1 0.3 8.87 62.29 47.03 
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• 2.5mm 

Table 3 The 2.5mm model FEA results 

Surface 
model 
element 
size 
(mm) 

max 
element 
size 
(mm) 

min 
element 
size 
(mm) 

max 
displacement 
(mm) 

von 
Mises 
stress 
(MPa) 

max 
Principal 
stress 
(MPa) 

  10 3 9.55 53.02 44.8 

  5 1.5 9.55 53.02 44.8 

2.5 3.5 1 9.55 53.03 44.79 

  2.5 0.7 9.76 62.87 58.04 

  1.5 0.5 9.9 58.33 62.47 

  1 0.3 9.99 67.7 70.25 

 

 

 

• 2mm 

Table 4 The 2mm model FEA results 

Surface 
model 
element 
size 
(mm) 

max 
element 
size 
(mm) 

min 
element 
size 
(mm) 

max 
displacement 
(mm) 

von 
Mises 
stress 
(MPa) 

max 
Principal 
stress 
(MPa) 

  10 3 9.15 86.51 46.52 

  5 1.5 9.15 86.51 46.52 

2 3.5 1 9.15 86.51 46.52 

  2.5 0.7 9.16 87.23 46.51 

  1.5 0.5 9.38 87.02 51.35 

  1 0.3 9.44 88.68 69.51 
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• 1.5mm 

Table 5 The 1.5mm model FEA results 

Surface 
model 
element 
size 
(mm) 

max 
element 
size 
(mm) 

min 
element 
size 
(mm) 

max 
displacement 
(mm) 

von 
Mises 
stress 
(MPa) 

max 
Principal 
stress 
(MPa) 

  10 3 8.62 71 52.75 

  5 1.5 8.62 71 52.75 

1.5 3.5 1 8.62 71 52.75 

  2.5 0.7 8.62 71 52.75 

  1.5 0.5 8.72 71.86 53.67 

  1 0.3 8.77 72.67 59.68 

 

In the table 5 lie the data of the simulation of the 1.5mm surface model. All 

data indicate that a mesh independent solution has been found. The differences in 

the key variables (maximum displacements, maximum von Mises stress, maximum 

Principal stress) are below 2% between refinements of the mesh. The difference at 

the last stage of refinement observed in the Principal Stress is an exception. 

Nevertheless, it is considered that it fluctuated within the normal limits and it was 

calculated at about 10-11%. Also, the validated result was confirmed by the 

following graphs. 

 

• Maximum Displacement vs Number of Nodes 
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• Maximum von Mises stress vs Number of Nodes 

 

 

 

 

• Maximum Principal stress vs Number of Nodes 
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In the model led to a mesh independent solution, there was performed one 

more simulation with threshold interval 1.2mm-0.4mm. The aforementioned 

action was carried out for, further, inspecting the validated result. The specific 

interval was excluded from the table for reasons of homogeneity of the 

procedure’s implementation, i.e. applying the same threshold intervals in all the 

simulations. The overall simulations have run in the 1.5mm model are summarized 

in the following table: 

 

Table 6 The overall simulations that ran in the 1.5mm femur model. The values with bold letters were 
excluded. 

Surface 
model 
element 
size 
(mm) 

max 
element 
size 
(mm) 

min 
element 
size 
(mm) 

max 
displacement 
(mm) 

von 
Mises 
stress 
(MPa) 

Max 
Principal 
stress 
(MPa) 

  10 3 8.62 71 52.75 

  5 1.5 8.62 71 52.75 

  3.5 1 8.62 71 52.75 

1.5 2.5 0.7 8.62 71 52.75 

  1.5 0.5 8.72 71.86 53.67 

  1.2 0.4 8.77 71.66 57.11 

  1 0.3 8.77 72.67 59.68 

 

Finally, it was chosen the threshold interval 1.5mm-0.5mm as the one to obtain 

the final results. Indeed, it was considered as the most appropriate interval, 

because in this threshold the results had been reducing, significantly, their 

fluctuating behavior and the solution became mesh independent. Also, it was the 

optimal interval, in terms of computational efficiency. Consequently, summarizing 

the simulations results, it was concluded that the maximum displacement is 

8.72mm, the maximum von Mises stress is equal to 71.86 MPa and the major 

Principal stress is 53.67 MPa. 

 

Fig. 24 Maximum von Mises stress contours of the convergent solution in the 1.5mm model. 
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5. Conclusions and future work 
  The present study examined the mechanical response of the femoral bone 

under the peak loading during the gait cycle through simulations in conjunction 

with the implementation of Finite Element Analysis. A CT scan generated model 

was created and, after editing, several simulations were executed. Subsequently, a 

mesh dependency study was held and a saturated solution was found.  

 The von Mises stresses distribution, the displacements and the principal 

stresses distribution were acquired via simulations. The maximum von Mises stress 

was located, almost, at the center of the femoral head, above the fovea capitis, in 

the neighborhood around the point of imposition of the hip force and around the 

neck of the femoral head. These areas are more vulnerable to failure leading to hip 

fractures, because of high stress concentrations. In addition, the von Mises 

distribution indicates where a material is, most likely, to yield.

 

 

Fig. 25 Maximum von Mises stress contours of the validated result. 

Moreover, the major Principal stress was detected in the upper lateral area of 

the greater trochanter. This result was expected, because this is the area of 

imposition of the abducting force, according to the boundary conditions that were 

set. In structural analysis, maximum principal stress represents the highest tensile 

stress at a point.  Also, the aforementioned result is expected for another reason:  

it is an area of stress intensification due to the complex geometry of the greater 

trochanter.        

 Furthermore, the maximum displacements were observed in the femoral head. 

It is quite reasonable considering the fact that the femoral head under loading has 

a lever-arm role for the femur and bending effects are developed. The greater the 

magnitude of bending, the larger the deflection at the free end is (in the specific 

boundary condition setup the free end is the femoral head). So as a consequence, 

the maximum displacements are occurred in the femoral head.   

 In contrast, the problem occurred in the CT scans was a major one and could 
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lead to a disaster if it had not been treated appropriately. The proximal femur and 

half of the diaphysis depicted in one set of data and the other half of the shaft 

together with the distal end of the femoral bone was in different set of CT scans. 

Fortunately, the addon solved the problem by adjusting and aligning the images 

properly and merging all the required datasets.      

 Another difficulty was that the simulation was time-consuming. This difficulty 

was not addressed, but the situation was improved with the optimization of the 

Python script that was adding the fixed constraint and the standardization of the 

whole procedure.          

 The current Thesis lays the foundation for further research and is a part of 

wider project that will be, subsequently, transformed into a PhD Thesis. Despite 

being well-documented and focused in reproducibility, the present study is by no 

means complete.          

 As a next step, further data could be acquired from the existing models or 

simulations in order to calculate other key variables of primary interest. Such 

variables are the principal strains (which indicate tensile or compressive zones), 

shear strain and contact stress (which is developed at interfaces with implants or 

cartilage). Also, safety factors could be calculated, such as the ratio of bone 

strength to stress and total strain energy in the bone.  Strain energy could be an 

indicator to evaluate fracture risks.       

 In this direction, a more in-depth study is required to be less time-consuming. 

A Finite Element Analysis could run again with more optimized Python scripts and 

some procedures could be automated with the use of specialized macros and the 

standardization of all the processes in order to minimize computational time.  In 

general, Python is a valuable tool in Finite Element Analysis in conjunction with the 

FreeCAD software.       

 Experimental procedure to cadaveric specimens, in combination with the 

acquired data from the simulations would, further, validate and enhance the 

results (if the outputs of the two methods coincide) and widen the perspectives of 

the specific research. It is, always, valuable cross-checking the results.  As far as the 

NTUA’s Laboratory of Biomechanics and Biomedical Physics concerned, this kind of 

synergy has already commenced.      

 Another, particularly, interesting topic to investigate would be the study of the 

aforementioned bending effects that are developed in the femoral bone. The hip 

force and the abducting force, because they are in opposite directions, form a 

moment of a couple, which contributes to the overall bending of the femur. 

Moreover, as it was previously referred, the hip force through which the body 

weight is transferred to the femur causes bending and it is of major importance for 

the interpretation of maximum displacements observed in the femoral head. The 

displacements might be small, but cannot be considered as negligible under 

biomechanical perspective.  It is, also, worth investigating whether tensile loading 
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in the greater trochanter area creates parasitic torsional phenomena.   

 After that, a complete review in modern literature of Contact Mechanics would 

be beneficial in order to address problems of contact between implanting stems 

and bones. A high standard level of knowledge about stems is required, too.  Shall 

we not forget that the main objectives of both this Master Thesis and the upcoming 

PhD Thesis are the design of specialized and personalized implants in a way of 

positive post-surgery behavior and long-life endurance. In this direction, a series 

of experimental procedures and implant-bone simulations will follow.  

 

 

Fig. 26 Major Principal stress contours of the validated result. 

 

 

 

Fig. 27 Displacement contours of the validated result. 
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Appendix A1 
PYTHON SCRIPT 

 

import FreeCAD as App 

 

doc = App.ActiveDocument 

height_limit = -898.15 # mm 

 

femur = next((obj for obj in doc.Objects if hasattr(obj, "Shape") and 

obj.Shape.Solids), None) 

 

if femur is None: 

print("    No solid object found in the document.") 

else: 

faces_to_fix = [ 

(femur, f"Face{i + 1}") 

for i, face in enumerate(femur.Shape.Faces) 

if face.CenterOfMass.z <= height_limit 

] 

 

if not faces_to_fix: 

print(f"      No faces found below {height_limit} mm. Nothing to fix.") 

else: 

 

analysis = next((obj for obj in doc.Objects if obj.TypeId == 'Fem::FemAnalysis'), 

None) 

if analysis is None: 

analysis = doc.addObject("Fem::FemAnalysis", "Analysis") 

print("🛠 Created new FEM analysis container.") 

 

fixed_constraint = doc.addObject("Fem::ConstraintFixed", "FixedConstraint") 

fixed_constraint.References = faces_to_fix 

analysis.addObject(fixed_constraint) 

 

doc.recompute() 

print(f"      Fixed constraint applied to {len(faces_to_fix)} faces under {height_limit} 

mm on '{femur.Label}'.") 
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Appendix A2 
 

Surface model mesh size:1.5mm 

  

• Gmsh parameters: max element size=1 mm, min element size=0.3mm 

 

 

Fig. 28A Displacement contours 

 

 

 

 

Fig. 29A Principal stress contours 
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Fig. 30A Principal stress contours (top view) 

 

 

Fig. 31A von Mises stress contours 

 

 

Fig. 32A von Mises stress contours (top view) 
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• Gmsh parameters: max element size=1.2mm, min element size=0.4mm  

 

 

Fig. 33A Displacement contours 

 

Fig. 34A Principal stress contours 

 

Fig. 35A Principal stress contours (top view) 
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Fig. 36A von Mises stress contours 

 

Fig. 37A von Mises stress contours (top view) 

 

• Gmsh parameters: max element size=1.5mm, min element size=0.5mm (the validated result) 

 

 

Fig. 38A Displacement contours 
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Fig. 39A Principal stress contours 

 

 

Fig. 40A Principal stress contours (top view) 

 

 

Fig. 41A von Mises stress contours 
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Fig. 42A von Mises stress contours (top view) 

 

• Gmsh parameters: max element size=2.5mm, min element size=0.7mm  

 

 

Fig. 43A Displacement contours 

 

Fig. 44A Principal stress contours 
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Fig. 45A Principal stress contours (top view) 

 

 

Fig. 46A von Mises stress contours 

 

 

Fig. 47A von Mises stress contours (top view) 

 



67 
 

• Gmsh parameters: max element size=3.5mm, min element size=1mm  

 

 

Fig. 48A Displacement contours 

 

 

Fig. 49A Principal stress contours 

 

 

Fig. 50 Principal stress contours (top view) 
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Fig. 51A von Mises stress contours 

 

 

Fig. 52A von Mises stress contours (top view) 

 

• Gmsh parameters: max element size=5mm, min element size=1.5mm  

 

 

Fig. 53A Displacement contours 
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Fig. 54A Principal stress contours 

 

 

Fig. 55A Principal stress contours (top view) 

 

 

Fig. 56A von Mises stress contours 
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Fig. 57A von Mises stress contours (top view) 

 

• Gmsh parameters: max element size=10mm, min element size=3mm  

 

 

Fig. 58A Displacement contours 

 

 

Fig. 59A Principal stress contours 
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Fig. 60A Principal stress contours (top view) 

 

 

Fig. 61A von Mises stress contours 

 

 

Fig. 62A von Mises stress contours (top view) 
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